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University of Connecticut, 2020 
 
The adult brain is restricted in its ability to generate new neurons. Consequently, neurons need to be 
generated from other sources to serve as a treatment for neurodegenerative diseases. This can be 
accomplished through cellular reprogramming, which is the conversion of a specialized cell into another 
specialized cell through expression of specific transcription factors. Oligodendrocyte progenitor cells 
(OPCs) are an ideal source for neuronal reprogramming since they reside within the brain, can self-renew, 
and are recruited to sites of injury. OPCs exhibit some lineage plasticity, and attempts have been made to 
reprogram them into neurons, with varying degrees of success. However, the molecular events that allow 
this fate switch to occur are not known. 
 
 
I sought to determine if overexpression of an interneuronal transcription factor Dlx2 in OPCs could 
convert their fate into neurons in vitro. Indeed, by 2 days post transfection (2 dpt), Dlx2-transfected OPCs 
acquired larger somas and elongated processes and expressed βIII-tubulin. Transcriptomic profiling of 
Dlx2-transfected OPCs during the window of fate switch revealed upregulation of inhibitory but not 
excitatory genes, suggesting Dlx2 is sufficient to activate specifically GABAergic inhibitory genes in 
OPCs. OPC-derived neurons differentiated into a purely GABAergic inhibitory population with high 
reprogramming efficiency. Functional and morphological analysis showed that OPC-derived inhibitory 
neurons were electrically active by 14 dpt and formed morphological inhibitory synapses by 21 dpt, 
suggesting Dlx2-mediated OPC-derived neurons acquired mature neuronal characteristics.   
Linda Seong Boshans – University of Connecticut, 2020 
 
 
A previous reprogramming study that used Dlx2 to convert astrocytes into inhibitory neurons resulted in 
a much lower efficiency compared to OPCs. Consequently, I sought to determine whether OPCs have a 
unique chromatin environment around inhibitory neuronal genes that might make them more amenable 
to neuronal reprogramming and how the chromatin architecture affects gene expression. A bioinformatic 
analysis of histone posttranslational modifications revealed that OPCs have an enrichment of active 
modifications and fewer bivalent and repressive modifications compared to astrocytes or fibroblasts, 
suggesting that interneuron genes in OPCs exists in a chromatin state that may obviate the need for erasure 
of repressive marks during their conversion into inhibitory neurons. In all, this thesis provides mechanistic 
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Chapter 1 - Introduction 
The brain is a specialized tissue that functions in communicating actions to the body. It is composed of two 
main classes of cells: neurons, the basic functional unit of the brain whose role is to communicate through 
electrical signals, and glial cells, which support the function of neurons. The adult brain is limited in its 
capacity to generate new neurons, so the ability to generate neurons from other sources is critical in order 
to treat neurodegenerative diseases where the function and health of neurons are affected, such as in 
Alzheimer’s, Parkinson’s, and epilepsy.  
 
During the development of an embryo, stem cells undergo rounds of cell division to give rise to many 
functionally different and specialized cells that make up the fetus. These cells acquire their specialized fate 
through the expression of a defined set of genes, which gives them their unique properties and functions. 
Consequently, genes that are unimportant for the function of these cells are silenced through an epigenetic 
signature that consists of dense, inaccessible regions of DNA in the form of chromatin. In order for a cell 
to alter its fate, regions of the genome that contain genes important in the function of a different specialized 
cell type must become accessible. Consequently, transcription factors that can bind DNA and open closed 
regions of the genome have the power to initiate changes in cell fate. The ability to convert a specialized 
cell into another fate is the basis of cellular reprogramming.              
 
Neuronal reprogramming, the conversion of somatic cells into neurons, has been a topic of intense research 
as a cellular therapy for neurodegenerative diseases. While there has been success with reprogramming 
somatic cells into neurons in vitro, these methods require transplantation of foreign cells into the brain. 
Consequently, recent approaches have been focused on manipulating the fate of cells that can be locally 
sourced within the brain, obviating the need for cell injections. Oligodendrocyte precursor cells (OPCs, also 
known as NG2-glia or polydendrocytes) are an ideal candidate for neuronal reprogramming since they are 





to proliferate into adulthood (Dawson et al., 2003). They retain lineage plasticity, and with exposure to 
certain extrinsic and intrinsic signals, can differentiate into oligodendrocytes, the cells that produce myelin. 
OPCs can sense the environment when there is a traumatic brain injury and dynamically respond by self-
renewing and differentiating into oligodendrocytes. Furthermore, OPCs share a close lineal relationship 
with neurons during embryonic development, and consequently, their chromatin structure might be more 
amenable to neuronal reprogramming than other cells. Previous reports have successfully reprogrammed 
OPCs into neurons in vivo, but little is known about the mechanistic events that produce this fate conversion. 
Elucidation of these mechanisms in OPCs using an in vitro model system with controlled conditions would 
enable refinement of the technique and the application for therapeutic treatments in neurodegenerative 
diseases.    
 
The goal of this thesis is to i) understand how the chromatin architecture influences gene expression and 
neuronal reprogramming in OPCs, ii) reprogram OPCs into functional inhibitory neurons in vitro with a 
single transcription factor, Dlx2, and iii) gain insight on the mechanistic events of neuronal reprogramming 
of OPCs, particularly during the window of fate switch. Previous work has examined the chromatin 
landscape in OPCs in the context of oligodendrocyte differentiation, but nothing had been known in the 
context of reprogramming. Furthermore, the generation of an in vitro reprogramming model system from 
OPCs has not been previously published and would be a useful tool for characterizing mechanisms in 
neuronal reprogramming.      
 
1.1 Oligodendrocyte precursor cells   
OPCs are the 4th major population of glia cells in the brain comprising 2-9% of the total cell population and 
are distinct from oligodendrocytes, astrocytes, and microglia (Dawson et al., 2003; Nishiyama et al., 2009). 
OPCs are uniformly distributed throughout the gray and white matter and are the largest proliferating cell 
population in the adult brain parenchyma outside of the neurogenic regions of the subventricular zones 





a., 2008). In addition to their ability to maintain density, OPCs are the primary source of oligodendrocytes, 
cells that create myelin sheaths that wrap around neuronal axons to promote rapid electrical conductance 
(Zhu et al., 2008; Zhu et al., 2011; Rivers et al., 2008). Recently, it has become increasingly apparent that 
OPCs are a heterogenous population exhibiting different behaviors based on their residing locations. OPCs 
are also sensors of brain injury, rapidly proliferating and migrating into affected regions.  
 
1.1.1 Developmental origin of OPCs 
The first wave of OPCs is produced from transcription factor Nkx2-1expressing neural progenitor cells 
(NPCs) in the medial ganglionic eminence (MGE) and anterior entopeduncular area (AEP) of the dorsal 
telencephalon around embryonic day (E) 12.5 in mice (Kessaris et al., 2006, Ono et al., 2008). These NPCs 
also generate inhibitory neurons (Figure 1A; discussed further in next section on cortical interneurons). 
This is followed by a second wave of OPCs that emerge by E15.5 from NPCs that express transcription 
factor Gsx2 in the lateral and caudal ganglionic eminenes (LGE, and CGE, respectively). Some of these 
ventrally-derived OPCs migrate into the dorsal forebrain and either remain as OPCs or differentiate into 
oligodendrocytes (Kessaris et al., 2006; Tripathi et al., 2011). The last and final cohort of OPCs is generated 
perinatally from Emx1-expressing dorsal NPCs located along the dorsal wall of the lateral ventricles 
(Kessaris et al., 2006; Winkler et al., 2018). These OPCs spread and become distributed among ventrally-
derived OPCs. The proportion of ventrally and dorsally derived OPCs that remain in the cortex into 
adulthood is a little unclear. The Kessaris study shows that at P0, Emx1-derived OPCs comprise roughly 
30% of OPCs in the motor cortex and Gsh2-derived OPCs comprise 70%, but by adulthood the 
contributions level out to 50% for each. Conversely, the Winkler group shows that in the E17.5 
somatosensory cortex, 80-90% of OPCs are Emx1-derived and remain at this level in the postnatal stages. 
This discrepancy might be explained by the possibility that different cortical regions are populated by 
different sources of OPCs. Consequently, the cortical OPCs used in Chapter 2 of this dissertation consists 






1.1.2 Specification of the oligodendrocyte lineage 
NPCs of the medial and lateral ganglionic eminences that express the basic helix-loop-helix (bHLH) 
transcription factor Olig2 generate OPCs alongside interneurons. These NPCs also express the homeobox 
transcription factor Dlx2, and early clonal analysis of Dlx2/tauLacZ mice suggest that some OPCs are 
derived from Dlx2-expressing precursors in the SVZ (Marshall and Goldman, 2002). The precise 
mechanism in which a precursor cell decides between a neuronal or oligodendroglial cell fate remains 
unknown, but it involves cross-talk between Dlx2, Olig1/2 and Ascl1, a bHLH transcription factor 
implicated in regulating neurogenesis and oligodendrogenesis in the telencephalon and is necessary for the 
development of neurons (Figure 1B) (Parras et al., 2007). A more recent study set out to elucidate the NPC 
fate determination by performing immunofluorescence and in situ hybridization of the three transcription 
factors in the telencephalon of various mutants (Petryniak et al., 2007). At E10.5, Olig2 expression is 
present in nearly all ventricular zone (VZ) cells of the MGE, while Dlx2 expression remains sparse until 
E12.5, where it becomes expressed in ~50% of Olig2+ VZ cells (Petryniak et al., 2007). However, there is 
a reciprocal relationship between Olig2 and Dlx2 as the cells migrate out from the VZ through the 
progenitor zones and begin to differentiate. In the SVZ, the majority of cells are Dlx2+/Olig2- (>80%), 
while in the mantle cells express either Olig2 or Dlx2, but rarely co-express both. The same study used a 
Dlx1/2 double mutant (Dlx1 and Dlx2 are functionally redundant and a mutation in one or the other leads 
to minor defects) and found increased expression of Olig2 in the SVZ of the MGE and CGE. However, in 
Olig2 mutants, Dlx2 expression remained unchanged, suggesting that Dlx1/2 repress Olig2 expression but 
Olig2 does not regulate Dlx2 expression. Ascl1 was found to be largely co-expressed with Dlx2 in early 
progenitors, but Ascl1 expression declined as cells migrated through the progenitor zones. In Dlx1/2;Ascl1 
triple mutants, removal of Ascl1 in addition to Dlx1/2 restored the reduced Olig2 expression seen in the 
Dlx1/2 double mutants, suggesting that Ascl1 promotes OPC formation by repression of Dlx1/2 expression. 
Indeed, in Ascl1 mutants, expression of Olig2 and Pdgfrα are decreased in the MGE (Parras et al., 2007). 
Furthermore, Ascl1 is required for Notch signaling through Dll1 and Dll3 expression (Casarosa et al., 1999), 





maturation. Ascl1, by increasing the expression of Delta genes, has a non cell-autonomous role in regulating 
the rate at which adjacent progenitors differentiate and mature via lateral inhibition (Yun et al., 2002). 
Taken together, one proposed model is that early NPCs express Olig2, and with decreased Notch activity, 
Dlx2 becomes expressed (Figure 1A). In turn, Olig2 becomes repressed and progenitors acquire a neuronal 
fate. Conversely, Ascl1 might, through cell-autonomous inhibition of Dlx2, promote oligodendroglial fate, 
by sustained expression of Olig2, as the progenitors migrate through the progenitor zones (Figure 1A). 
However, further experiments are needed to fully validate this model. Given the role Dlx2 plays in fate 
specification of NPCs, in Chapter 2 of this dissertation, Dlx2 is exploited to convert the fate of OPCs into 
inhibitory neurons.  
 
In progenitor cells committed to the oligodendrocyte lineage, Olig2 expression is sustained and neuronal 
gene expression is repressed (Novitch et al., 2001; Petryniak et al., 2007). Olig2 induces transcription of 
Sox10, a member of the high-mobility group transcription factor family whose expression persists 
throughout the oligodendrocyte lineage (Kuspert et al., 2011). Since Sox10 expression is restricted to cells 
of the oligodendrocyte lineage in the CNS, the onset of transcription of this gene marks the first step in the 
irreversible commitment of NPCs to the oligodendrocyte lineage (Nishiyama et al., 2016).   
 
The most widely used markers for OPCs are platelet-derived growth factor receptor alpha (PDGFR) and 
chondroitin sulfate proteoglycan 4 (NG2). The onset of Pdgfr transcription occurs after Sox10, and in 
mice lacking Sox10, Pdgfr expression is severely reduced (Lu et al., 2000; Zhou et al., 2000; Stolt et al., 
2002). NG2, a membrane glycoprotein, is directly induced by Sox10 (Gotoh et a., 2018).  Its expression is 
subsequent to Pdgfr and appears once the oligodendrocyte lineage committed cells have exited the 
ventricular zone (VZ; Nishiyama et al., 1996a; Zhu et al., 2008; Komitova et al., 2009). PDGFR and NG2 
are co-expressed by OPCs but downregulated during oligodendrocyte differentiation (Nishiyama et al., 





also expressed by vasculature cells, but may be distinguished based on morphology. The downregulation 





Figure 1. Diagram depicting OPC and interneuron fate specification. 
(A) Cartoon illustrating key components of neural progenitor cell (NPC) fate specification into 
oligodendroglial and interneuron lineages during embryonic development. (B) Schematic representing 
how key transcription factors in specification of NPCs regulate one another. Arrow indicates activation 





1.1.3 Fate of OPCs 
Early observations of the fate of OPCs carried out in vitro showed their potential to differentiate into 
oligodendrocytes and type-2 astrocytes, giving them the name “O-2A” progenitor cells (Raff et al., 1983). 
The addition of platelet derived growth factor (PDGF) either through direct addition of the growth factor 
to culture media (Noble et al., 1988) or co-culturing with PDGF-producing type 1 astrocytes (Richardson 
et al., 1988) maintains OPCs in a proliferative, progenitor state. Upon removal of PDGF (Noble and Murray, 
1984; Temple and Raff, 1985; Behar et al., 1988) or addition of thyroid hormone to the culture medium 
(Barres et al., 1994), OPCs rapidly differentiate into oligodendrocytes. Conversely, addition of fetal bovine 
serum can cause OPCs to obtain features of type-2 astrocytes (Raff et a., 1983; Raff et al., 1989). Exposure 
to bone morphogenic protein 2 can trigger OPCs to generate neurons (discussed in detail in “the neurogenic 
potential of OPCs” section; Kondo and Raff, 2000). 
 
Direct in vivo evidence demonstrating that OPCs are the progenitor cells for oligodendrocytes was not 
available until the use of transgenic mice that express Cre recombinase under the control of OPC-specific 
genes. The first in vivo evidence that oligodendrocytes are solely generated from OPCs utilized an 
NG2creBAC transgenic mouse with constitutive expression of Cre recombinase exclusively in NG2-
expressing cells, which includes OPCs and pericytes (Zhu et al., 2008a).  When crossed to a Cre reporter 
mouse such as Z/EG (Novak et al., 2000), NG2+ cells and their progeny are permanently labeled with the 
reporter protein. The Cre reporter EGFP was detected in myelinating oligodendrocytes in both gray and 
white matter and a subpopulation of astrocytes in the gray matter of the ventral forebrain and spinal cord 
(Zhu et al., 2008a,b), consistent with the earlier in vitro studies. Subsequent studies have reported similar 
findings using other OPC-specific transgenic reporter lines including Olig2 (Dimou et al., 2008), Pdgfrα 
(Rivers et al., 2008; Kang et al., 2010) and proteolipid protein (Guo et al., 2009). The generation of neurons 







While the previously mentioned studies were able to trace the direct lineage of OPCs, none of the studies 
addressed any temporal changes to OPC fate. By utilizing a transgenic mouse line in which tamoxifen-
inducible Cre is expressed in OPCs, the temporal window at which Cre is turned on can be controlled. It 
was revealed that in the postnatal brain, OPCs can only self-renew or generate oligodendrocytes, whereas 
during embryonic development, OPCs can generate astrocytes in the gray matter of the ventral forebrain, 
consistent with earlier findings (Zhu et al., 2008a; Zhu et al., 2011), suggesting there is a temporal fate 
switch of ventrally-residing OPCs post birth and that there exists some heterogeneity in the fate of OPCs. 
Whether the potential of ventral OPCs to generate astrocytes is extrinsically dependent on the environment 
or an intrinsic factor that might be related to its origin of birth remains to be determined.   
 
The developmental fate of OPCs can be altered through deletion of Olig2 and is region-dependent. 
Constitutive deletion of Olig2 in OPCs resulted in fate conversion into astrocytes from OPCs of the 
neocortex and corpus callosum but not ventral forebrain (Zhu et al., 2012). Conditional deletion of Olig2 
in OPCs postnatally also caused them to switch their fate from oligodendrocytes to astrocytes in the 
neocortex, but again not in the ventral forebrain where OPC-derived astrocytes are typically seen during 
embryonic development, suggesting possible region-dependent heterogeneity in OPC fate. One possibility 
is that deletion of Olig2 is not sufficient to alter the fate of ventrally-located OPCs because their astrocytic 
genes are heavily decorated with repressive chromatin modifications to prevent spurious differentiation into 
astrocytes. These genes that are important in the astrocyte lineage might be less repressed in dorsally-
derived OPCs.  Consequently, examination of histone modifications in OPCs would widen the field’s 
knowledge on why and how the fate of OPCs can be altered. This is explored further in Chapter 3 of this 
dissertation in the context of genes of the interneuron lineage. Furthermore, this evidence shows that the 
fate OPCs can be manipulated by deletion of Olig2, which is also repressed by Dlx2 as shown in Chapter 






1.1.4 The neuronal fate of OPCs  
The neurogenic potential of OPCs has been highly debated for the past two decades. The idea that OPCs 
could also generate neurons in addition to oligodendrocytes first arose when cultured OPCs from the rat 
optic nerve were exposed to bone morphogenic protein 2 (BMP2), which caused them to revert to a neural 
stem cell-like state, upregulate Sox2, and subsequently differentiate into neuron-like cells (Kondo and Raff, 
2000). Recent genetic fate mapping studies using constitutive or inducible NG2-cre, Olig2-cre, or Pdgfra-
cre showed the generation of oligodendrocytes, but not neurons in the postnatal and adult mouse brain 
(Dimou et al., 2008; Kang et al., 2010; Zhu et al., 2011). A few fate-mapping studies have detected a small 
number of adult born neurons in the hypothalamus (Robins et al., 2013) and pyramidal-like neuronal cells 
in the pririform cortex (Rivers et al., 2008; Guo et al., 2010). Two explanations regarding this discrepancy 
is the possibility that there is ectopic expression of Cre recombinase in precursors that differentiate into 
neurons (Weinberg et al., 2017) or the transfer of Cre recombinase to neurons through exosomes secreted 
by OPCs, a phenomenon observed by oligodendrocytes (Fruhbeis et al., 2013). Furthermore, one of the 
groups that showed the generation of neurons from OPCs did an additional study using the same mice that 
took advantage of the fact that OPCs are a proliferative population and looked at the presence of EdU, a 
thymidine analogue which is incorporated into the DNA of proliferating cells, which labels over 98% of 
OPCs in young adult mice. It was shown that >96% of oligodendrocytes were EdU+, but none of the 
neurons previously interpreted to have differentiated from OPCs (Rivers et al., 2008) had incorporated EdU, 
further suggesting that OPCs do not generate neurons under normal physiological conditions (Clarke et al., 
2012). However, through forced expression of certain transcription factors such as Dlx2, OPCs can indeed 
be manipulated to generate neurons, as illustrated in Chapter 2.   
 
1.1.5 Properties of OPCs in development and disease 
Aside from cells that reside in neurogenic zones, OPCs have the unique ability to self-renew into adulthood, 
which prevents depletion of the OPC pool (Dawson et al., 2003). The ability to maintain a proper cell 





response to mitogens, growth factors, and cytokines (Barres et al., 1994b, 1996; Nobel et al., 1988; Ohya 
et al., 2007). The cell cycle kinetics of OPCs and the magnitude of their response to proliferative factors 
are region-dependent, with OPCs in the white matter (corpus collosum) proliferating more rapidly than 
OPCs in gray matter (Dimou et al., 2008; Young et al., 2013). Consistently, white matter OPCs have been 
shown to proliferate more robustly in response to addition of PDGF-AA in vitro compared to gray matter 
OPCs (Hill et al., 2013). However, it is unclear whether this differential proliferative response is an intrinsic 
factor or a function of the immediate environment, since gray and white matter regions are quite different 
in cellular and extracellular matrix composition and in the availability of proliferative factors. One study 
performed a heterotopic transplantation of white matter tissue into gray matter brain slices and showed that 
white matter OPCs retain their greater proliferative response to PDGF-AA, suggesting that the cell cycle 
kinetics may be intrinsically-regulated (Hill et al., 2013). However, heterotopic transplantation does not 
exclude the immediate local microenvironment surrounding the transplanted OPCs, which may still contain 
the necessary proliferative cues in the host environment. The ability of cells to proliferate has been shown 
to increase reprogramming efficiency (Esteban et al., 2010; Ruiz et al., 2011; Son et al., 2013) and 
consequently is a key property for cells targeted for cellular reprogramming.  
 
One of the most important physiological functions of OPCs is their ability to differentiate into myelinating 
oligodendrocytes. Similar to their cell cycle kinetics, OPCs localized in gray and white matter have different 
degrees of differentiation and maturation properties, with white matter OPCs differentiating more 
extensively (Dimou et al., 2008; Kang et al., 2010; Rivers et al., 2008; Zhu et al., 2011). To determine 
whether these differences are intrinsic or influenced by the local environment, one study performed 
heterotopic and homotopic transplantations in the adult cerebral cortex. It was found that white matter 
derived OPCs were able to differentiate more efficiently in both host and donor environments compared to 
gray matter derived OPCs, suggesting a strong intrinsic propensity for differentiation of white matter OPCs 
(Vigano et al., 2013). However, whether this intrinsic property is a result of developmental origin or the 





Furthermore, it is important to consider whether this difference in degree of oligodendrocyte differentiation 
is extended to neuronal differentiation and whether OPCs isolated from different brain regions can affect 
their reprogramming potential.   
 
OPCs react to many types of injury or pathological conditions by altering their morphology, proliferation 
rate, and differentiation rate, and their response is dependent on the nature of the insult and the 
developmental stage at which it occurs. Within one day of a traumatic brain injury, including stab wound 
lesion (Buffo et al. 2005; Dimou et al., 2008) and ischemia (Zhang et al., 2013), OPCs undergo 
morphological changes and increased proliferation. OPCs around the lesion become hypertrophic and their 
processes are highly dynamic (Levine 1994; Hill et al., 2014; Hughes et al., 2013). OPCs have also been 
shown to migrate towards the injury site (Hughes et al., 2013), which makes utilization of this endogenous 
source of progenitors for brain repairs advantageous, particularly for neuronal reprogramming. OPCs also 
respond to neurodegenerative insults such as Alzheimer’s disease and Amyotrophic lateral sclerosis (ALS). 
In both disease models, it was shown that oligodendrocytes die, but their overall density remained 
unchanged due to rapid increase in OPC proliferation and differentiation (Behrendt et al., 2013; Desai et 
al., 2009; Mackenzie et al., 2011). It remains to be determined whether all OPCs show the same response 
to an insult, or if a subpopulation of OPCs exist to “surveillance” and react more strongly. One study 
examined the transcriptomic profile of OPCs in a demyelinating lesion and showed that activated OPCs 
share a gene expression profile more similar to postnatal OPCs than adult oligodendrocytes (Moyon et al., 
2015), suggesting that OPCs might regain their developmental plasticity under pathological conditions, and 
potentially become more amenable to changes in cell fate. Understanding the molecular pathways that 
trigger differentiation, proliferation or changes in cell fate of OPCs could help develop strategies for 
treatment in demyelinating and neurodegenerative diseases.  In Chapter 4 of this thesis, the proliferation of 






1.1.6 Neuronal activity and OPC behavior 
OPCs are the only glial cells that receive direct synaptic inputs from neurons (Bergles et al., 2000; Butt et 
al., 2002) in both gray and white matter, but the function of these synapses remains unknown. OPCs express 
glutamate and GABA receptors and voltage-gated sodium channels and potassium channels (Bergles et al., 
2000; Kukley et al., 2007; Ziskin et al., 2007), which confers OPCs the ability to depolarize in response to 
receiving direct synaptic input from neuronal axons (Bergles et al., 2000). However, OPCs are still 
considered as non-excitable glial cells since the degree of depolarizations is not sufficient to elicit action 
potentials (Bergles et al., 2000; Lin et al., 2005; Ziskin et al., 2007; Mangin et al., 2008). The exact 
biophysical makeup and distribution of neuron-OPC synapses varies according to the postnatal CNS 
developmental timepoint, brain region, and degree of OPC differentiation (De Biase et al., 2010; Kukley et 
al., 2010; Mangin et al., 2008; Velez-Fort et al., 2010). The ultra-structure of OPC-neuron synapses is not 
well characterized, but early electron microscopic pictures suggest the formation of a dense postsynaptic 
density in OPCs at the synaptic contact site with synaptic vesicles characteristic of presynaptic 
compartments on the neuronal side (Bergles et al., 2000; Lin et al., 2005; Kukley et al., 2007). Though the 
exact components of the OPC postsynaptic compartment is unknown, OPCs have been shown to express 
synaptic proteins including the scaffolding protein GRIP1, and contain mRNA for PSD95 (Cahoy et al., 
2008). Interestingly, cortical OPCs maintain synaptic contact with neurons during cellular division (Kukley 
et al., 2008; Ge et al., 2009) but the synapses disappear with differentiation into oligodendrocytes (De Biase 
et al., 2010; Kukley et al., 2010), suggesting a role for synaptic contact in regulating OPC proliferation, 
oligodendrocyte differentiation and myelination. 
 
The effect of neuronal activity on OPC behavior has long been debated with some contradictory findings. 
The first attempt to understand the effect of neuronal activity on OPCs was performed by intraocular 
injection of tetrodotoxin (TTX) in the optic nerve to reduce neuronal activity, and OPC proliferation was 
found to be suppressed (Barres and Raff, 1993). Conversely, electrical stimulation of the rat corticospinal 





through the removal of whiskers reduced thalamocortical inputs onto OPCs, but increased OPC 
proliferation and altered OPC distribution within the barrel cortex (Mangin et al., 2012). A similar study 
found that deprivation of whisker sensory input reduced oligodendrocyte differentiation after OPC division 
(Hill et al., 2014). A recent study observed a similar correlation between a decrease in synaptic activity and 
an increase in OPC proliferation after lysolecithin-induced demyelination in the adult corpus collosum 
(Sahel et al., 2015). Furthermore, neuronal activity induced by physical exercise (wheel running) enhanced 
OPC differentiation by reducing OPC proliferation in the motor cortex (Simon et al., 2011). These 
conflicting findings can be explained by the fact that not all neuron-OPC synapses contain the same 
biochemical make up of receptors and channels. Neuronal activity’s effect on OPC behavior may be 
dependent on developmental timepoint and brain region. 
 
OPCs express a wide variety of ionotropic and metabotropic GABA receptors at different stages of cell 
maturation and the existence of GABA receptor-mediated synaptic currents was first described in 
hippocampal OPCs (Lin and Bergles, 2004). It has been proposed that GABAergic signaling influences 
OPC proliferation and differentiation. In a model of perinatal hypoxia, a decrease in synaptic activity of 
interneurons of the white matter cerebellum correlated with increased OPC proliferation and decreased 
oligodendrocyte differentiation with a delay in myelination (Zonouzi et al., 2015), suggesting that 
oligodendrocyte differentiation is highly dependent on GABA. However, in a more recent study, 
pharmacological blockade of GABA receptors in cortical slice cultures promoted OPC proliferation and 
cell survival (Hamilton et al., 2017). During postnatal development in the somatosensory cortex, 
GABAergic synaptic inputs onto OPCs are lost (Velez-Fort et al., 2010). Conversely, in the mouse barrel 
cortex, OPCs innervated by GABAergic interneurons change their mode of transmission from synaptic to 
extrasynaptic during the first postnatal month, a critical period for cortical myelination, suggesting a role 
for GABAergic input in oligodendrocyte maturation (Velez-Fort et al., 2010; Bjelke and Seiger 1989; 






It is evident that neuronal activity dynamically regulates OPC behavior. Any perturbations to this activity, 
such as an imbalance in the excitation and inhibition in the local circuitry that is seen in epileptic mouse 
models would evoke a response from OPCs. Given that OPCs already express receptors and channels to 
respond to neurons, they would serve as an ideal target for neuronal reprogramming. In chapter 4, changes 
to the chromatin architecture and gene transcription of OPCs in response to a hyper-excitable brain in 
SCN1AA1783V mutant mice are described. 
 
1.2 Development of cortical interneurons  
GABAergic cortical interneurons (CINs) comprise ~20% of cortical neurons in mice and primarily use the 
neurotransmitter GABA (γ-aminobutyric acid; Huang et al., 2007). CINs are the main source of inhibition 
in the cortex and consequently play important roles in synchronizing network activity and responding to 
dynamic changes in excitation (Klausberger and Somogyi, 2008; Haider and McCormick, 2009). Severe 
GABAergic deficits can cause hyperexcitability, which can lead to seizures, and many genes linked with 
epilepsy regulate interneuron development and function (Galanopoulou, 2010). More subtle perturbations 
in the excitation-inhibition balance is also linked to psychiatric disorders including schizophrenia and 
autism.     
 
When CIN progenitors become post-mitotic, they exit the GEs and tangentially migrate to their pallial 
destinations (Anderson et al., 1997). Once in the neocortex, they shift to radial migration as they enter the 
cortical plate and sort into specific cortical layers (Miyoshi and Fishell, 2011). As CINs start to synapse 
with other neurons to form distinct cortical microcircuits, their anatomical, molecular, and 
electrophysiological properties develop and mature (Huang et al., 2007; Kepecs and Fishell, 2014; Kessaris 






1.2.1 Developmental origin of interneurons 
GABAergic CINs are generated by the same ventral subpallium NPCs that generate OPCs, located in the 
progenitor zones of the MGE and CGE and the preoptic area (Figure 1A; Wonders and Anderson, 2006; 
Gelman et al., 2011).  The LGE primarily generates GABAergic striatal projection neurons (Anderson et 
al., 2001). The large majority of CINs are generated from E9.5-E18.5, with peak period of generation at 
E13.5. The laminar distribution of CINs follows an ‘inside-out’ pattern, similar to that of glutamatergic 
projection neurons, in that early-born interneurons populate the deeper cortical layers and late-born 
interneurons populate the superficial layers. However, not all interneuron subtypes follow this pattern. 
CGE-derived neurons, particularly those that express the calcium-binding protein calretinin follow an 
‘outside-in’ pattern (Rymar and Sadikot, 2007).  
 
MGE derived interneuron subtypes are born between E9.5 and E16.5 and comprise approximately 50-60% 
of the population of cortical interneurons in mice (Anderson and wonders, 2006; Butt et al., 2005; Miyoshi 
et al., 2010). Studies using transgenic mice found that the majority of Parvalbumin+ (PV) and 
Somatostatin+ (SST) interneurons are derived from the MGE (Butt et al., 2005; Flames et al., 2007; Xu et 
al., 2004).  CGE derived interneurons are born from E12.5 to E18.5, with peak production occurring at 
E15.5 (Butt et al., 2005; Miyoshi et al., 2010). The CGE gives rise to vasoactive intestinal peptide 
expressing (VIP+) interneurons and neuropeptide Y expressing (NPY+) multipolar interneurons, both of 
which express calretinin. These interneuron subtypes exhibit different mature electrophysiological 
characteristics which helps to refine neural circuits.  
 
1.2.2 Transcriptional mechanisms of interneuron specification  
Unique combinations of transcription factors that regulate stage specific enhancers in subpallial progenitors 
and post-mitotic cells direct interneuron development and specification. The MGE region is defined by the 
presence of transcription factor Nkx2-1. Early studies of Nkx2-1 mutants revealed that normal MGE tissue 





required for the generation of more than half of CINs (Sussel et al., 1999).  A downstream target of Nkx2-
1, Lhx6, is expressed predominately in most MGE-derived CINs around the time of cell cycle exit and is 
crucial to the specification of PV+ and SST+ CINs (Du et al., 2008; Liodis et al., 2007). In the absence of 
Lhx6, MGE-derived neurons reach the pallium, but fail to express either PV or SST (Liodis et al. 2007; 
Zhao et al., 2008).  
 
Other transcription factor genes that act downstream and/or in parallel with Nkx2-1 and Lhx6 in the 
specification and differentiation of MGE-derived CINs include Sox6, Dlx5/6, and Arx. Sox6 is expressed 
by nearly all MGE-derived immature and mature CINs. Sox6 null and conditional mutant mice lack PV+ 
interneurons and have a reduction in SST+ interneurons (Azim et al., 2009; Batista-brito et al., 2009). Arx 
and the Dlx1,2,5&6 genes are expressed in the subpallial progenitors of the MGE and CGE, and many of 
its postmitotic products (Long et al., 2009). Dlx5 is expressed in mature PV+ interneurons, and loss of 
function of Dlx5 or Dlx5/6 results in reduced numbers of PV+ interneurons and a defect in their dendritic 
architecture (Wang et al., 2010).  MGE-derived interneurons in Dlx1/2 mutants have migration defects 
(Anderson et al., 1997; Anderson et al., 2001). The Arx homeobox transcription factor is necessary for 
MGE differentiation, and its absence results in a block in interneuron migration out of the MGE and a 
deficit in CINs (Colombo et al., 2007).   
 
The CGE exists as a fusion of the more rostral MGE and LGE, and consequently, the ventral CGE region 
expresses Nkx2-1 while the dorsal domain expresses Gsh2. The Gsh1 and Ghs2 homeobox transcription 
factor genes are essential for specification of the CGE and LGE. Gsh2 activates Ascl1 expression. Ascl1 
represses interneuron differentiation through Notch1 signaling, and Ascl1 null mutant mice exhibit a loss 
of early born interneurons and premature differentiation of SVZ cells that express the Dlx family of genes 






The Dlx genes are downstream of both Gsx2 and Ascl1 and have a high position in the transcription factor 
hierarchy that directs interneuron fate and differentiation (Toresson et al., 2000; Yun et al., 2001; Waclaw 
et al., 2009). Dlx1/2 and Dlx5/6 form bigene clusters that are regulated by intragenic and extragenic 
enhancers (Zerucha et al., 2000; Ghanem et al., 2007). Dlx2 is expressed in the VZ and SVZ of the MGE, 
LGE, and CGE of E12.5 mouse embryos and its expression is repressed as cells differentiate (Panganiban 
and Rubenstein, 2002). Dlx1 is expressed at all stages of interneuron development, from the VZ and SVZ 
to the mantle zone (MZ) and is expressed in mature MGE-derived SST+ and NPY+ interneurons as well as 
Calretinin+ interneurons from the CGE. Dlx5/6 are expressed in the more mature cells of the MZ.  
Expression of the four Dlx genes follows the following temporal sequence: Dlx2, Dlx1, Dlx5, and Dlx6 
(Eisenstat et al., 1999). Consequently, Dlx5/6 fail to be expressed in Dlx1/2 loss of function mutants 
(Anderson et al., 1997; Long et al., 2009).  Furthermore Dlx1/2 double mutants exhibit a severe reduction 
in CINs, due to the defect in tangential migration (Anderson et al., 1997a). It is clear from the literature that 
transcription factors play a critical role in the specification of interneurons, and altering the expression of 
any of these genes severely affects CIN development, particularly the Dlx family of genes. It is clear that 
Dlx2 plays a crucial role early in the specification of interneurons, and consequently, its ability to specify 
inhibitory neurons from OPCs is explored in Chapter 2.  
   
1.2.3 Interneuron cell fate  
CINs can be subclassified based on their morphology, expression of specific biochemical markers, intrinsic 
membrane properties and connectivity. Recent approaches using single-cell RNA sequencing have 
identified 16 transcriptionally different subclasses of interneurons in the adult mouse somatosensory cortex 
and hippocampal CA1 region and 23 GABAergic cell types from the adult mouse primary visual cortex 
(Zeisel et al., 2015; Tasic et al., 2016). However, it is still unclear exactly how these various interneuron 
subgroups acquire their fate. Some possibilities that may contribute to cell fate determinations of 
interneurons are their regional environment, developmental timing, and temporal and spatial restriction of 






Environmental cues may exist in one subregion of the MGE that is absent in other regions and these distinct 
regions may be biased towards generating different subtypes. Supporting this theory, nuclear hormone 
receptor transcription factors CoupTF1 and CoupTF2 expression is restricted to an arc within the MGE VZ, 
with most regions devoid of these genes in rostral and middle regions, while being more heavily expressed 
throughout the MGE in caudal regions.  CoupTF2 expression is maintained in adult SST+ CINs, and 
conditional deletion of CoupTF2 in the MGE through a Nkx2.1-cre driver results in a reduction in SST+ 
interneurons and an increase in PV+ interneurons (Hu et al., 2017). Furthermore, transplantation of caudal 
MGE progenitors that express CoupTF1 and CoupTF2 into the neocortex produced more SST+ CINs than 
transplanted rostral MGE progenitors devoid of the two transcription factors (Hu et al., 2017). CoupTF2 
may promote SST+ interneuron fate by increasing Sox6 expression in MGE progenitors.  This suggests that 
spatially restricted transcription factor expression can contribute to cell fate determination of SST+ and 
PV+ interneurons.  
 
Developmental timing at which interneurons are born also influences the subtype and laminar specification 
of MGE-derived CINs. Similar to cortical projection neurons, MGE-derived interneurons occupy cortical 
layers in an ‘inside-out’ pattern. Early born neurons predominately become SST+ CINs and occupy the 
deep layers, mainly cortical layer VI (Hu et al., 2017). Late born neurons predominately become PV+ CINs 
and occupy the more superficial cortical layers (Xu et al., 2010). One question that arises is whether laminar 
specification is dependent on the temporal window of birth or the environment in which neurons are born. 
One study that attempted to answer this performed heterochronic transplants to introduce late-born E15.5 
progenitors into a younger E12.5 MGE environment and vice versa (Valcanis and Tan, 2003). It was shown 
that the laminar fate of the E12.5 progenitors transplanted into an older MGE was largely dependent on the 
environment in which the progenitors underwent their last round of cell division. Progenitors that exited 
the cell cycle in the donor E12.5 MGE remained destined for the deeper cortical layers, while progenitors 





transplanted E15.5 progenitors were primarily found in the deeper layers, independent of the environment 
in which the progenitor exited the cell cycle. This result can be explained by temporally restricted 
environmental signals such as transcription factors that are present in the E12.5 MGE and their absence in 
the E15.5 MGE.  
 
Transcription factors play a key role in CIN subtype specification and maturation. Dlx1/2 promotes MGE-
derived neuron specification and differentiation, by facilitating the transition from progenitor to post-
mitotic state (Yun et al., 2002). Dlx1/2 repress genes that are normally expressed in VZ progenitor cells 
(e.g. Mash1 and Gsh1/2) and activate genes expressed in the SVZ (e.g. Dlx5 and Dlx6). Furthermore, Dlx1 
is expressed in SST+ CINs but not expressed in PV+ CINs (Cobos et al., 2005; Cai et al., 2013). However, 
Dlx1 is initially transiently expressed in the progenitors of PV+ interneurons (Pla et al., 2017). Transcription 
factors may combinatorially bind to enhancer elements that are active in the MGE to drive cell-type specific 
expression and promote subtype specification. For example, enhancer 799 is preferentially active in SST+ 
CINs compared to PV+ CINs and is bound in the GEs by multiple transcription factors, including Nkx2-1, 
Lhx6, CoupTF1, Dlx1, Dlx2, Dlx5, and Arx (Silberg et al., 2016). Ultimately, it is the interactions of 
transcription factors that are spatially and temporally regulated that contribute to the specification of 
interneuron subtypes, but further research is needed to dissect the exact mechanisms.  
 
1.2.4 Maturation of interneurons 
CINs begin to mature during postnatal development, and maturation is largely shaped by the integration of 
CINs into cortical microcircuits. Excitatory activity facilitates maturation and fine-tunes the synaptic 
connections to create a neural circuit. During the first postnatal week, GABAergic synapses between PV+ 
CINs appear, concurrent with the appearance of excitatory inputs from pyramidal cells (Daw et al., 2007; 
Pangratz-Fuehrer and Hestin, 2011). What defines mature interneurons is dependent on its function and 
subcortical region, and include but not limited to electrophysiological properties, expression of specific 





when they gain broad orientation selectivity, meaning the interneurons can respond to visual cues in 
multiple orientations. It has been suggested from dark-rearing studies that the onset of vision determines 
when PV interneurons mature (Wiesel and Hubel, 1963; Hubel and Wiesel, 1964). However, a recent 
transplantation study showed that this was not the case. Velez and colleagues transplanted embryonic 
interneuron precursors to the postnatal visual cortex 1 week before vision onset to examine whether the 
maturation of transplanted interneurons was accelerated to coincide with the maturation of endogenous PV 
interneurons. It was shown that broad orientation selectivity of transplanted PV interneurons emerged after 
endogenous PV interneurons, suggesting that an innately timed mechanism contributes to the maturation 
of orientation selectivity of PV interneurons in the visual cortex (Velez et al., 2017).  
 
Transcription factors also play a role in the maturation of CINs. Of interest, Satb1, a homeobox protein that 
promotes T-cell differentiation, is highly expressed in MGE interneuron precursors (Alvarez et al., 2000; 
Batista-Brito et al., 2008b). Removal of Satb1 from CIN precursors led to death of SST+ interneurons 
during a discrete temporal period when they establish their synaptic connectivity, potentially due to reduced 
excitatory input during the first postnatal week (Close et. Al., 2012). In support, blocking the ability of 
SST+ interneurons to respond to neuronal activity led to downregulation of Satb1 expression and reduced 
survival of SST+ CINs, suggesting that induction of Satb1 expression is activity-mediated (Close et al., 
2012; Denaxa et al., 2012). Furthermore, overexpression of Satb1 in dissociated MGE precursors resulted 
in a robust increase in the percentage of MGE cells that produced SST+ interneurons, and this increase was 
evident by 2 days in vitro, suggesting Satb1 may regulate Sst expression and consequently play a role in 
the specification of the SST+ interneuron subtype (Denaxa et al., 2012).   
 
1.3 Neuronal reprogramming 
Since the discovery of the Yamanaka factors (Oct3/4, Sox2, Klf4, c-Myc) that provided the ability to revert 
mouse embryonic and adult fibroblasts into pluripotent stem cells, many efforts have been made to derive 





capacity for generating new neurons, particularly in the aging brain, so there is a need for other cell sources 
to treat neurological diseases. Direct neuronal reprogramming is when a differentiated cell is directly 
converted into a neuron without going through a pluripotent intermediate stage and has been the subject of 
intense research as a therapy for brain repair. With the right cocktail of neurogenic transcription factors or 
signaling molecules, converting the fate of one cell into another fate is achievable. Neurons have been 
programmed from a variety of somatic cells, including stem cells, fibroblasts, neural progenitor cells, and 
glia.    
 
1.3.1 Transcription factors in cellular reprogramming  
Transcription factors that are active early in the transcriptional signaling cascade of terminal differentiation 
of a certain cell type are known as ‘master regulators’ of that lineage (Jones, 2004; Masserdotti et al., 2016). 
Two such master regulators for neurogenesis in the CNS are the proneural transcription factors Ascl1 and 
neurogenin1/2 (Ngn1/2; Parras et al., 2002). In the embryonic telencephalon, Ascl1 is expressed ventrally 
and induces the Dlx genes which instructs the subpallial progenitors of the ganglionic eminences to generate 
cortical GABAergic interneurons and striatal projection neurons of the basal ganglia (Guillemot and Joyner, 
1993; Yun et al., 2001). Conversely, Ngn2 is expressed in the dorsal telencephalon and drives the 
production of glutamatergic neurons by inducing expression of the NeuroD transcription factor family 
(Fode et al., 2000). Transcription factor gene cocktails that contain master regulators such as Ngn2 and 
Ascl1 have high probability of neuronal conversion regardless of the starting cell type. Furthermore, by 
altering the combination of genes used for reprogramming, different neuronal subtypes can be achieved. In 
Chapter 2, I show that a single pro-interneuronal transcription factor Dlx2 is sufficient to generate inhibitory 
neurons from OPCs.  
 
1.3.3. Direct neuronal reprogramming from fibroblasts  
While glial cells and neurons are of ectodermal origin, fibroblasts arise from the mesoderm, so the first 





reprogramming. The Wernig group used a combination of three factors, Ascl1, Brn2, and Myt1l to convert 
mouse embryonic fibroblasts into functional neurons that expressed general neuronal markers MAP2, NeuN 
and synapsin, but lacked markers of specialized neuronal subtypes (Vierbuchen et al., 2012). By using 
transcription factors or small molecules known to promote development of subtype-specific neurons, 
several studies have successfully shown the conversion of fibroblasts into dopaminergic, glutamatergic, 
and GABAergic neurons (Caiazzo et al., 2011; Kim et al., 2011; Colasante et al., 2015).  
 
1.3.4 Direct neuronal reprogramming from glial cells 
Reprogramming from glial cells are advantageous since they are ubiquitously distributed resident cells of 
the brain and respond to brain injury, making ideal candidates for endogenous neuronal reprogramming. 
Attempts have been made to convert astrocytes into both excitatory and inhibitory neurons. Astrocytes 
targeted in vivo in the striatum of GFAP-cre mice with Cre-inducible lentiviral vectors expressing Ascl1, 
Brn2, and Myt1l were converted into NeuN+ neurons, but their functionality was not assessed (Torper et 
al., 2013). Upon stab wound injury, reactive astrocytes targeted with Ngn2- and Nurr1-expressing adeno 
associated viral (AAV) vectors induced conversion into pyramidal neurons in vivo that acquired proper 
laminar identity and axonal projections (Mattugini et al., 2019). Cultured cortical astrocytes retrovirally-
transduced with master regulators Ngn2 or Ascl1 and Dlx2 converted their fate into synapse-forming, 
functional glutamatergic neurons or GABAergic neurons, respectively (Heinrich et al., 2010). In Chapter 3 
of this dissertation, the ability of astrocytes to be reprogrammed into interneurons is explored by examining 
the chromatin landscape of interneuron genes.  
 
OPCs are the only proliferating cells outside of the neurogenic niches in the adult CNS under normal 
conditions (Psachoulia et al., 2009; Simon et al., 2011). This provides OPCs with a unique advantage over 
other glial cells since they have the ability to repopulate and maintain proper homeostasis. Additionally, 
OPCs have been shown to increase their proliferation rates in response to acute brain injury (Simon et al., 





polarization, and they actively migrate to the lesioned area where they assist in wound healing (Hughes et 
al., 2013; Simon et al., 2011). Furthermore, OPCs receive direct synaptic input from neurons and express 
glutamate and GABA receptors and voltage gated sodium channels (as discussed in OPC section; Bergles 
et al., 2000, 2010; Paukert and Bergles, 2006; Ziskin et al., 2007; De Biase et al., 2010; Kukley et al., 
2007,2010; Nishiyama et al., 2014). Thus, OPCs already have some of the necessary machinery for forming 
postsynaptic compartments, potentially facilitating the integration of reprogrammed OPC-derived neurons 
into the neural network. Consequently, attempts have been made to reprogram OPCs in vivo under normal 
and pathological conditions. Retroviral transduction of reactive glia cells in the injured cortex with the 
proneural bHLH Neurod1 induced conversion into glutamatergic and GABAergic neurons, but the identity 
of the glial cells transduced remains uncertain (Guo et al., 2014). Furthermore, OPCs in the injured but not 
intact neocortex were converted into neurons by retroviral delivery of Sox2 and Ascl1, but most induced 
neurons were functionally immature (Heinrich et al., 2014). The first study to show reprogramming of 
OPCs in the uninjured brain targeted resident OPCs by AAV delivery of a combination of three 
transcription factors known to promote reprogramming of fibroblasts into dopaminergic neurons (Caiazzo 
et al., 2011), Ascl1, Lmx1a, and Nurr1(Torper et al., 2015). Converted neurons were found in the normal 
adult striatum that were stably integrated into the neural circuit and exhibited electrical properties 
characteristic of GABAergic neurons (Pereira et al., 2017). This suggests that ventral OPCs may have an 
intrinsic bias to generate inhibitory neurons over dopaminergic neurons, possibly facilitated by a more 
readily accessible chromatin structure around interneuron fate genes compared to genes involved in 
dopaminergic neuronal fate. However, the mechanisms by which the induction of neurons from OPCs 
occurs remains unclear. Elucidation of these mechanistic events that promote or hinder neuronal 
reprogramming from OPCs would promote the application of reprogramming strategies in 
neuropathological conditions. In Chapter 2 of this thesis, OPCs are reprogrammed into inhibitory neurons 
through overexpression of Dlx2 in vitro with mechanistic insight into the transcriptional changes that occur 






1.4 Epigenetics and chromatin remodeling 
The epigenome contains information for cell identity in the form of histone modifications, DNA 
methylation, chromatin accessibility, 3D chromatin organization, and small RNAs. Changes to the 
epigenome can alter or stabilize specialized cell lineages, such as in the process of cellular differentiation. 
Elucidation of chromatin factors that control cell fate would be highly applicable to cellular reprogramming.  
 
The genome of eukaryotic cells is organized into chromatin, a complex comprising DNA, RNA, and 
associated proteins (Sitbon et al., 2017; Probst et al., 2009). Nuclear chromatin is generally organized into 
several hierarchical levels, which the basic structural unit being the nucleosome, a core consisting of 146 
base pairs of DNA wrapped around a histone octamer comprising two copies of histones H2A, H2B, H3, 
and H4 (Luger et al., 1997). It often appears as “beads on a string” with linker DNA fragments joining core 
nucleosomal units and is the structure of euchromatin. Nucleosomes become tightly packed to form a dense 
fiber and is the primary structure of heterochromatin. Modulation at each level of chromatin is the basis of 
chromatin plasticity and allows cells to tightly regulate their response to signals through gene expression, 
as well as pass down cellular memory during mitotic division (Bird, 2002; Kouzarides, 2007). There are 
two main mechanisms as to how chromatin regulates gene transcription. The first possibility is that the 
chromatin structure directly affects transcription by modulating the accessibility of DNA to transcriptional 
machinery (Lorch et al., 1987). Another possibility is that histone marks serve as a platform for the binding 
of “reader” proteins that recruit chromatin remodeling complexes, histone modifying enzymes, 
transcriptional machinery, or other readers. The interplay between different modifications changes the 
accessibility of transcription factors to their target regions in the genome. The following sections will 
highlight some key remodeling factors and histone modifications in the oligodendrocyte lineage and in 






1.4.1 Chromatin regulators in the oligodendrocyte lineage  
Cellular changes and response to extracellular signals is highly dependent on the epigenetic signatures 
present and involves coordination with transcriptional machinery, such as during the differentiation process. 
Current evidence suggests that epigenetic mechanisms consisting of DNA methylation, histone 
modifications, and microRNAs play important roles in controlling oligodendrocyte lineage development. 
It is well-established that OPC differentiation is triggered by cell cycle exit and accompanied by drastic 
changes in the transcriptome, particularly downregulation of differentiation inhibitors and cell cycle genes 
and upregulation of genes enriched in oligodendrocytes (Cahoy et al., 2008; Swiss et al., 2011; Zhang et 
al., 2014). The start of OPC differentiation is also accompanied by active transcription of genes involved 
in chromatin remodeling, mediated by Olig2 (Yu et al., 2013).  
 
DNA methylation involves the addition of a methyl group to CpG islands generally located within the 
promoters of protein coding genes (Illingworth et al., 2010) and leads to gene silencing by blocking the 
ability of transcription factors to bind to methylated promoters or via further recruitment of other repressor 
proteins (Jones et al., 1998). Methyl groups are added or removed by DNA methyltransferases (DNMTs) 
or ten-eleven translocation (TET) enzymes, respectively (Hu et al, 2015). One of the first studies to show 
that DNA methylation regulates oligodendrocyte development treated neonatal rats with a nucleoside 
DNMT inhibitor and found an almost complete absence of myelin in the optic nerve, associated with 
reduced number of oligodendrocytes (Ransom et al. ,1985). Similarly, ablation of the Dnmt1 gene in 
embryonic progenitor cells resulted in a growth arrest of OPCs and a severe hypomyelination phenotype 
(Moyon et al., 2016). Moreover, TET1, TET2, and TET3 are necessary for oligodendrocyte differentiation 
in vitro (Zhao et al., 2014). Taken together, these studies suggest an important role for DNA methylation 
in oligodendrocyte differentiation.  
 
Histone modifications comprise a wide variety of posttranslational changes to histone tails including but 





independently or in a coordinated fashion to dynamically alter the chromatin structure. Depending on the 
histone code, the accessibility of DNA to polymerases and transcription factors can be promoted or 
inhibited. The most prevalent histone posttranslational modification (PTM) is acetylation of lysine (K) 
residues, which is established through histone acetyltransferases (HATs) and removed by histone 
deacetylases (HDACs). The addition of an acetyl group neutralizes the positive charge of the lysine 
residues, resulting in a weaker interaction between the histones and negatively charged DNA, ultimately 
leading to a loose, “open” chromatin structure (Bannister and Kouzarides, 2011). HDACs, which promote 
a more compact chromatin structure have been implicated in oligodendrocyte development. Genetic 
ablation of Hdac1/2 in OPCs led to a decrease in oligodendrocyte differentiation in vivo (Cunliffe and 
Casaccia-Bonnefil, 2006; Ye et al., 2009). It was shown that HDAC1/2 compete with beta-catenin to repress 
Wnt target genes, thereby allowing oligodendrocyte differentiation, suggesting HDAC activity is necessary 
in the pre-myelinating stage to remove the inhibition on myelin gene expression (Ye et al., 2009; Chen et 
al., 2011). Consistently, pharmacological inhibition of HDACs in vitro resulted in reduced oligodendrocyte 
differentiation and maturation through suppression of inhibitory transcription factors Id2 and Sox11 in 
rodent OPCs (Marin-Husstege et al., 2002; Swiss et al., 2011) and Id4, Sox2, and TCF4 in human OPCs 
(Conway et al., 2012). Taken together, these data suggest HDAC-mediated repression of genes that keep 
OPCs in an undifferentiated, proliferative state is necessary for the onset of oligodendrocyte differentiation.  
 
Histone methylation has also been associated with oligodendrocyte lineage development and involves the 
addition of a methyl group to lysine or arginine residues and is associated with both activation and 
repression of transcription, depending on the site of methylation (Bannister and Kouzarides, 2011). During 
oligodendrocyte differentiation, there is increased activity of Histone H3 lysine 9 (H3K9) methylation 
enzymes G9a and Suv39H1, accompanied by increased deposition of the associated repressive H3K9me3 
mark at genes that regulate neuronal development (Liu et al. 2015). Additionally, Ezh2, the catalytic subunit 
of the polycomb repressive complex that is responsible for trimethylation of histone 3 lysine 27 





(Sher et al., 2008). Genetic ablation or pharmacological inhibition of arginine methyltransferase PRMT5, 
responsible for H4R5 methylation, resulted in reduced oligodendrocyte differentiation and concomitant 
hypomyelination (Scaglione et al., 2018).    
 
ATP-dependent chromatin remodeling enzymes also influence oligodendrocyte differentiation. They 
function by utilizing ATP as an energy source to reposition nucleosomes, effectively altering chromatin 
accessibility and gene transcription (Hota and Bruneau, 2016). Brg1 (Brahma-related 1, also known as 
Smarca4) is the helicase component of the mammalian SWI/SNF-related chromatin remodeling complex 
and is highly expressed in OPCs (Matsumoto et al., 2016). Recent studies indicate Brg1 is necessary for 
OPC specification and the onset of oligodendrocyte differentiation. Brg1 regulates Olig2 expression by 
interacting with its promoter during early development, and is recruited by Olig2 to oligodendrocyte-
lineage genes, activating oligodendrocyte differentiation-associated programs (Matsumoto et al., 2016). 
One cooperative target of Brg1 and Olig2 is the gene encoding Chd7, an ATP-dependent nucleosome 
remodeling factor of the chromodomain helicase DNA-binding (Chd) family. Chd7 is highly expressed in 
differentiating oligodendrocytes, and coordinately interacts with Sox10 and Sox2 to regulate OPC 
differentiation (He et al., 2016) and specification, respectively (Doi et al., 2017).  Chd7 also promotes 
oligodendrocyte maturation by enhancing the expression of Myrf1 and Olig1 (He et al., 2016). Furthermore, 
deletion of either Brg1 or Chd7 resulted in a dysmelinating phenotype in mice, suggesting that these ATP-
dependent chromatin remodeling enzymes are essential for oligodendrocyte development and myelination 
(Yu et al., 2012; He et al., 2016).  
 
1.4.2 Chromatin remodeling in cellular reprogramming  
A large body of evidence exists that shows the ability of transcription factors to reprogram an already 
specified cell’s identity towards a specific fate. However, the induction of pluripotency is an inefficient 





barriers. Recent work has illuminated key players in altering the epigenome that can be utilized to enhance 
the efficiency and degree of cellular reprogramming.  
 
An important feature of reprogramming is the expression of genes that have been developmentally silenced. 
Consequently, for successful reprogramming, transcription factors that can access target sites in closed 
heterochromatic regions are critical. These transcription factors are often referred to as “pioneer factors” 
for their ability to induce chromatin remodeling events and recruit additional supporting proteins to 
reconfigure and open the chromatin landscape around silenced genes, allowing for gene transcription (Zaret 
and Carroll, 2011). One such pioneer factor with a key role in neuronal reprogramming is Ascl1, which is 
able to initiate the reprogramming cascade and is the reason for its inclusion in many reprogramming 
transcription factor gene cocktails (Wapinski et al., 2013; Soufi et al., 2015).    
 
The global chromatin state of pluripotent and differentiated cells is quite different. Differentiated cells are 
characterized by highly dense chromatin domains with the accumulation of repressive histone 
posttranslational modifications (PTMs) like H3K27me3 and H3K9me3, while pluripotent cells contain 
open, decompacted regions with active histone marks such as H3K4 methylation and H3/H4 acetylation 
(van den Hurk et al., 2016). Chromatin reorganization during differentiation functions to silence non-
lineage related genes and ensure stable maintenance of cell fate-specific gene expression (Gaetz et al., 
2012). Consequently, identification of chromatin remodeling factors that can revert a cell’s epigenome to a 
pluripotent state would overcome the epigenetic barriers developmentally imposed on differentiated cells. 
One such remodeling factor that has been implicated in cellular reprogramming is the ATP-dependent 
chromatin remodeling Brm/Brg1-associated factor (BAF) complex. Brg1 overexpression can replace c-
Myc, one of the four Yamanaka factors in the induction of pluripotency by increasing the deposition of 
active marks H3K4me3 and H3K9ac on pluripotency-associated genes (Singhal et al., 2010). Moreover, 
increased BAF activity promotes somatic cell reprogramming of liver progenitor cells (Kleger et al., 2012). 





been shown to inhibit cellular reprogramming and plays a crucial role in maintaining cellular identity. 
Suppression of CAF-1 increased the efficiency and speed of reprogramming of fibroblasts into iPSCs 
(Cheloufi et al., 2015). Utilization of a combination of chromatin altering enzymes with pioneer factors and 
lineage-specific transcription factors would drastically enhance the field of cellular reprogramming. 
Moreover, identification of the epigenetic landscape of starting cell populations would illuminate the best 
mechanism for reprogramming. In Chapter 3 of this thesis, the chromatin landscape of OPCs in the context 
of interneuron genes and neuronal reprogramming is compared to other commonly used cell populations to 









Chapter 2. Dlx2-mediated conversion of OPCs into functional GABAergic neurons 
2.1 Introduction 
NG2 glial cells, also known as oligodendrocyte precursor cells (OPCs), represent a fourth major population 
of glial cells and comprise 2-9% of total cells in the central nervous system (Dawson et al., 2003).  They 
have self-renewing ability throughout life, and proliferate in response to environmental cues, such as 
depletion of the progenitor pool. In the postnatal brain, their physiological fate is largely restricted to the 
oligodendrocyte lineage (Nishiayama et al., 2009, 2016). By contrast, OPCs in the prenatal ventral gray 
matter also generate a subpopulation of astrocytes in addition to oligodendrocytes (Zhu et al., 2008, 2011; 
Huang et al., 2014), and their oligodendrocyte-astrocyte fate plasticity can be extended to early postnatal 
stages by the loss of the basic helix-loop-helix (bHLH) transcription factor Olig2, which is critical for the 
specification, proliferation, and differentiation of oligodendrocyte lineage cells (Zuo et al., 2012, 2018). 
However, OPCs in the postnatal neocortex and elsewhere do not contribute significantly to the neuronal 
population under normal conditions (Zhu et al, 2008, 2011; Dimou et al., 2008; Rivers et al., 2008; Kang 
et al., 2010; Huang et al., 2014). OPCs that arise from ventral sources during embryonic development 
comprise about half of the OPC population in the neocortex and share a close lineal relation to inhibitory 
neurons (Spassky et al., 1998; Nery et al., 2001; Kessaris et al., 2006; Miyoshi et al., 2007). The remaining 
cortical OPCs arise from the dorsal geminal zone of the pallium and the postnatal subventricular zone 
(Levison and Goldman, 1993; Kessaris et al., 2006).  
 
The neural progenitor cells (NPCs) that generate inhibitory neurons and OPCs initially express Olig2. When 
Olig2 expression is sustained, the NPCs differentiate into OPCs (Petryniak et al., 2007). However, a subset 
of these progenitors will up-regulate the interneuronal transcription factor Dlx2, which subsequently 
represses Olig2 expression and specifies the interneuron lineage fate (Petryniak et al., 2007). This raises 





a neuronal lineage. Attempts have been made to reprogram OPCs into neurons with other transcription 
factors in vivo, but the molecular mechanisms that occur during the fate switch are not known.  
 
Since OPCs retain some slight lineage plasticity, have proliferative abilities, are ubiquitously present in all 
regions of the brain, and are generated from the same progenitors that produce inhibitory neurons, they can 
serve as an ideal candidate for endogenous neuronal reprogramming. In line with this notion, using a 
bioinformatic approach, we have previously shown that interneuron genes in postnatal rodent OPCs have 
an enrichment of active histone modification, a paucity of bivalent and repressive modifications and a more 
readily accessible chromatin environment around key interneuron transcription factor genes compared to 
astrocytes and fibroblasts, two cell types commonly used in reprogramming paradigms (Boshans et al., 
2019). In this study, we showed that forced expression of a single pro-interneuronal transcription factor 
Dlx2 in committed postnatal cortical OPCs converted their fate into a purely GABAergic inhibitory 
neuronal population that were functionally active, exhibiting fast-spiking action potential patterns. 
Furthermore, we show that OPC-derived inhibitory neurons form inhibitory synapses with each other. 
Lastly, we generated a transcriptomic profile of OPCs during the critical window of fate transition into 







The NG2-CreERA BAC transgenic mice (Zhu et al., 2011) have constitutive cre expression in OPCs and 
were maintained as a homozygous colony. Gad1-GFP knock-in reporter line (Chattopadhyaya et al., 2004) 
was purchased from The Jackson Laboratory (stock #007677) and maintained as heterozygotes in a CD1 
background. NG2-CreER mice were crossed to Gad1-GFP to generate heterozygous NG2-CreERA:Gad1-
GFP mice. CD1 mice were obtained from Charles River (strain #022). All procedures involving animals 
were approved by the Institutional Animal Care and Use Committee. 
 
Primary cultures  
Postnatal cortical OPCs 
For culturing postnatal OPCs, we modified the previously published sequential immunopanning 
purification procedure (Dugas et al., 2006; Emery and Dugas, 2013). We used postnatal day 2-3 (P2-3) 
CD1 mice from Charles River Laboratory strain #022. After removal of meninges, the cortices were minced 
and incubated at 35°C for 60 min in a papain solution (20U/ml; Worthington). Subsequently, the tissue was 
triturated in a solution containing ovomucoid and BSA and filtered through a 70-μm cell strainer to obtain 
a single cell suspension. The cell suspension was incubated in a petri dish coated with the O1 antibody (Gift 
from Dr. Steven Pfeiffer at University of Connecticut Health Center, 1:1 dilution) (Sommer and Schachner, 
1981) to eliminate oligodendrocytes, with subsequent incubation of the supernatant in a petri dish coated 
with rat anti-mouse platelet-derived growth factor receptor alpha (PDGFRα) antibody (CD140a, BD 
Biosciences, 2μg/ml) to capture OPCs. Non-adhered cells were washed off with phosphate-buffered saline 
(PBS), and adhered OPCs were collected by trypsinization. Cells were centrifuged for 5 min at 1100 rpm 
and re-suspended in DMEM supplemented with Sato’s supplements (DMEM-Sato’s) and 50μg/ml PDGF-
AA (Peprotech). Cells were plated on 12-mm glass coverslips (Fisher) coated with 100μg/ml of poly-D-
lysine (Sigma-Aldrich) and 15μg/ml of laminin (Sigma-Aldrich) or on 35 mm tissue culture dishes (Fisher) 





trypsinized and re-plated onto a layer of astrocytes at 125,000 cells per 12-mm glass coverslip. Media was 
switched to neuronal differentiation media consisting of 1% N2 supplement (Gibco), 1% B27 (Life 
Technologies), 1% L-glutamine, and 1% Pen-Strep in DMEM/F12 and supplemented with 50 ng/ml human 
BDNF (Peprotech). At 7 dpt, media was completely switched to neuronal maturation media consisting of 
Neurobasal A and supplemented with 2% B27, xx Glutamax, and 1% Pen-Strep supplemented with 50 
ng/ml human BDNF. 50% of media was replaced with fresh media and BDNF every 3-4 days. On 10 dpt, 
1% Horse Serum was added for astrocyte maintenance.  
 
Postnatal cortical Astrocytes 
For culturing primary postnatal Astrocytes, we isolated cortical astrocytes as described previously (Kaech 
& Banker, 2007; Schildge et al., 2013). Briefly, we dissected and chopped the cortices of P1-P3 CD1 mice. 
Cortical pieces were transferred to tube containing HBSS and .1% trypsin (Life Technologies). Tissue was 
incubated in 37°C water bath for 15-30 min. Cells were centrifuged for 5 min at 1100 rpm to collect cells 
and supernatant was removed. Cells were resuspended in Astrocyte media (xxx) and gently triturated into 
a single cell suspension. Cells were plated in T75 culture flask coated with 30μg/ml PLL. Medium was 
changed every 2-3 days. At 7-9 days post plating when astrocyte layer is confluent, flasks were shaken at 
260 rpm overnight to detach microglia and OPCs. The next day, astrocytes were rinsed with PBS, 
trypsinized and frozen into aliquots for future use.  
 
Transfection 
Full-length mouse Dlx2 cDNA (NM_010054.2, from translation start site to the stop codon) was cloned 
into pCMV-IRES2-mCherry expression vector, which had been generated by replacing the EGFP coding 
region of pIRES2-EGFP vector (Clontech) with mCherry coding region (obtained from Dr. Hitoshi Gotoh, 
Kyoto Prefectural Medical University). OPCs were transfected 16 hours after plating with pCMV-Dlx2-





2000 (Invitrogen), and after 5 hours, the medium was changed to fresh DMEM-Sato’s medium with 
50μg/ml PDGF-AA.  
 
For utilization of the transposon system, Dlx2-IRES2-mCherry was cloned into a Tol2 vector (Urasaki et 
al., 2006) with transposable element inverted terminal repeats flanking a CAG promoter (Gotoh et al., 
2018). OPCs were co-transfected 16 hours after plating with a transposase encoding vector (Urasaki et al., 
2006) and Tol2-Dlx2-IRES2-mCherry (Tol2-Dlx2) or Tol2-IRES2-mCherry (Tol2-mCherry) as described 
above.  
 
Immunofluorescence labeling  
Coverslips were fixed with 4% paraformaldehyde in 0.1M sodium phosphate buffer for 10 min, rinsed three 
times with PBS and then blocked and permeabilized in PBS containing 0.1% Triton X-10 and 5% normal 
goat serum (NGS) or 5% normal donkey serum (NDS) at room temperature (RT). The coverslips were then 
incubated with the following primary antibodies in blocking solution for 45 min: mouse Tuj1 antibody to 
III-tubulin (1:3000, BioLegend), rabbit anti-NG2 antibody (1:500, Millipore), mouse anti-Olig2 antibody 
(1:1000, Millipore), rabbit anti-Dlx2 antibody (1:1000, Millipore), chicken anti-microtubule-associated 
protein (MAP2) antibody (1:3000, Abcam), mouse anti-glutamic acid decarboxylase 67 (Gad67) antibody 
(1:3000, Millipore), goat anti-Sox2 antibody (1:200, Santa Cruz Biotechnology, Inc), mouse anti-Nestin 
antibody (1:8, Developmental Studies Hybridoma Bank), goat anti-PDGFRα antibody (1:1000, R&D 
Systems), guinea pig anti-VGAT antibody (1:1000, synaptic systems), mouse anti-gephyrin antibody 
(1:250, synaptic systems), chicken anti-GFP antibody (1:500, Aves labs), and rabbit anti-RFP antibody 
(1:1000, Rockland). After three rinses, coverslips were incubated with the following secondary antibodies 
in blocking solution for 30 min: Alexa 488-conjugated donkey anti-rabbit, chicken or mouse antibody 
(1:500, Jackson ImmunoResearch), Alexa 546-conjugated goat anti-mouse or rabbit antibody (1:500, 





(Jackson ImmunoResearch). Coverslips were mounted in Vectashield containing 4',6-Diamidino-2-




RNA extraction, library construction, and sequencing  
Immunopurified OPCs were transfected with either control mCherry or Dlx2 plasmid vector. At 2 days post 
transfection (2 dpt), transfected cells were isolated by fluorescence-activated cell sorting (FACS) for 
mCherry with the BD FACSAriaII (Becton Dickinson), using the 488 nm diode laser. Three biological 
replicates consisted of mCherry- and Dlx2-transfected OPCs that had been isolated from different litters of 
mice. The sorted cells were collected and stored in Trizol reagent (Invitrogen), and total RNA was extracted 
using the RNeasy Plus Micro Kit (Qiagen). Genomic DNA was removed using gDNA Eliminator spin-
columns provided by the kit. RNA concentration and integrity of each sample were measured using an 
Agilent 2100 Bioanalyzer (Agilent). Samples with an RNA Integrity Number ≥ 8 were processed. 
Ribosomal RNA was removed from samples using RiboGoneTM (Clontech). cDNA libraries were prepared 
with 100ng total input RNA using the SMARTer Stranded RNA-Seq Kit (Clontech). Libraries were 
multiplexed and subjected to a total of 18 cycles of PCR amplification, and the amplified cDNA library 
was sequenced at the Center for Genome Innovation (University of Connecticut, Storrs, CT) using Illumina 
NextSeq 500. Barcoded and multiplexed samples were run on four lanes to generate four technical 
replicates of 150-nucleotide paired end reads.  
 
Data processing, mapping, and differential expression analysis 
Illumina adapters were removed, and sample raw reads were trimmed using Trimmomatic and filtered based 
on a quality score ≥20. Trimmed sequences were aligned to the mouse reference genome (GRCm38 version 
84) using HISAT2. Output files from HISAT2 were sorted using SAMtools, and counts were generated 





TopHat2 to align the trimmed sequences to the mouse reference genome, and Cufflinks to estimate 
transcript abundance. To identify differentially expressed (DE) genes, count Tables from HTseq-count were 
fed into DESeq2. Differential expression analyses were conducted with R v3.2.2 using available scripts. 
 
Gene ontology (GO) and enrichment analysis  
GO analysis of the differentially expressed genes was performed to identify biological processes of the 
differentially expressed genes using the enrichGO function of clusterProfiler v3.6 (Yu G, et al., 2012). The 
GO over-representation test (Boyle et al., 2004) was performed using the Benjamini & Hochberg Method, 
with the cut-off values for p and q set to 0.01 and 0.05, respectively.  
 
Quantitative Real-Time PCR 
RNA extraction and cDNA synthesis 
Immunopurified OPCs were transfected with either control mCherry or Dlx2 plasmid vector for 2 and 7 dpt 
or T2AL-mCherry, T2AL-Dlx2 and transposase plasmid vectors for 14 dpt and cultured as described above. 
Total RNA was collected at 2 and 7 dpt and lysed with TRIzol® reagent or at 14 dpt and lysed with lysis 
buffer. RNA was extracted with RNA purelink mini kit according to manufacturer’s protocol (Promega).  
RNA was converted to cDNA using Superscript IV First-Strand Synthesis System (Invitrogen) with a 











2.3.1 Differentiation of Dlx2-transfected postnatal OPCs into neuron-like cells 
OPCs were purified from the neocortex of P2-3 mice by immunopanning for PDGFRα, a receptor tyrosine 
kinase expressed by OPCs (Dugas et al., 2006). One day after plating, >96% of the cells were 
immunopositive for the chondroitin sulfate proteoglycan NG2, and NG2-negative cells included NPCs, 
immature neurons, GFAP+ astrocytes, and other unidentified cells. To determine the effect of Dlx2 on OPC 
cell fate, we transfected immunopurified OPCs with either control mCherry (control) or Dlx2-mCherry 
(Dlx2) plasmid. MCherry fluorescence was detected by one day post transfection (1 dpt), and Dlx2 
immunoreactivity was detected in mCherry+ cells in cultures transfected with Dlx2 but not with control 
mCherry vector (Figure 2A). Our previous morphological study and recent transcriptomic studies also have 
shown that OPCs in the postnatal SVZ or parenchyma do not express Dlx2 (Komitova et al., 2009; Zhang 
et al., 2014; Marques et al., 2016). At 1 dpt, >97% of mCherry+ cells expressed NG2 and Olig2 in both 
control- and Dlx2-transfected cultures (Figure 2B). As early as 2 dpt, Dlx2-transfected cells began to 
downregulate Olig2 (Figure 3A, arrowheads), exhibited larger cell bodies and longer processes and 
expressed the immature neuronal marker Doublecortin (Dcx; Figure 3B) compared with control mCherry+ 
cells. At 2 dpt, 76.0  5.0% of Dlx2-transfected cells expressed the neuronal cytoskeletal protein III-
tubulin (Tuj1), whereas only 0.7  0.3% of control-transfected cells were immunopositive for III-tubulin 
(Figure 3C-D). The III-tubulin+ cells in control-transfected cultures were likely contaminating neuroblasts 
present in the immunopanned cells. In fact, at 1 day after plating prior to transfection, a maximum of 2% 
of the immunopanned cells expressed III-tubulin or the neuroblast marker Doublecortin (Dcx) (not 
shown). However, since the majority of the Dlx2-transfected cells were oligodendrocyte lineage cells that 
expressed Olig2, these findings suggest that overexpression of Dlx2 in postnatal OPCs had caused them to 






To examine whether Dlx2-transfected OPCs were directly differentiating into immature neurons or first 
dedifferentiating into an early progenitor phenotype and then differentiating into neurons, we stained Dlx2-
transfected OPCs for Sox2 and nestin, which are known to be expressed in NPCs. Strong Sox2 
immunoreactivity was detected in the nucleus of 95% of the untransfected OPCs 24 hours after plating 
(Figure 4A). Nestin was present in the majority of Pdgfra+ OPCs, mostly in the processes (Figure 4B). At 
2 dpt, strong Sox2 immunoreactivity continued to be detected in control mCherry-transfected cells (Figure 
4C). By contrast, Dlx2-transfected cells exhibited a range of Sox2 immunoreactivity, from strong Sox2 
immunoreactivity similar to control cells (not shown) to detectable but weaker Sox2 (Figure 4C, arrows) 
or barely detectable Sox2 (Figure 4C arrowheads), suggesting that they were in the process of 
downregulating Sox2 and undergoing neuronal differentiation. Similarly, while Nestin persisted in control-
transfected cells at 2 dpt, it was not detectable in Dlx2-transfected cells (Figure 4D, arrows). We also 
examined cells at 1 dpt and found that Nestin immunoreactivity was not increased above the levels detected 
in control mCherry-transfected cells (not shown). Although we did not test for other NPC/neural stem cell 
markers, our observation that Sox2 and Nestin expression was not sustained or increased in Dlx2-
transfected OPCs suggests that Dlx2 misexpression had caused OPCs to directly switch their fate to 
immature neurons without reverting to a pluripotent neural progenitor-like state, unlike bone morphogenetic 
protein 2 (BMP2)-mediated neuronal conversion from OPCs in rat optic nerve (Kondo and Raff, 2004). 
 
2.3.2 Dlx2-transfected OPCs differentiate into synapse-forming GABAergic inhibitory neurons  
We next examined the phenotype of the immature neurons generated from Dlx2-transfected OPCs. Since 
mCherry fluorescence was lost by 7 dpt, we stained for Map2, which is expressed in neuronal soma and 
dendrites, to identify neuronally differentiating cells. At 14 dpt, 99.4  0.4% of the Map2+ cells in Dlx2-
transfected cultures expressed Gad67, which catalyzes the synthesis of GABA and is commonly used to 
identify inhibitory GABAergic neurons (Figure 5A-B). Map2+ Gad67+ neurons were seen in control-





stained for Vgat, a pre-synaptic vesicular GABA transporter, Vgat+ puncta were co-localized with Gad67 
along the Map2+ dendrites (Figure 5C; arrowheads). These observations suggest that forced expression of 
Dlx2 in postnatal oligodendrocyte lineage-committed cells led them to switch their fate toward a purely 
GABAergic inhibitory neuron phenotype. 
 
To determine whether OPC-derived neurons were forming synapses, we immunolabeled for synaptic 
proteins. To identify inhibitory synapses, we stained for Vgat and Gephyrin, an inhibitory post-synaptic 
scaffolding protein. At 21 dpt, we saw Vgat+ and Gephyrin+ puncta that were co-localized and adjacent to 
each other on Map2+ dendrites in Dlx2-transfected OPCs, indicating the formation of synapses (Figure 5D; 
arrowheads). The density of synaptic puncta was positively correlated to the density of neurons in regions 
of the coverslip (not shown). Vgat+ Gephyrin+ puncta were also seen in control-transfected OPCs, but were 
fewer, as the contaminating neurons were farther apart. To identify excitatory synapses, we stained for 
Vglut1/2, pre-synaptic vesicular glutamate transporter 1 and 2, and PSD-95, a post-synaptic scaffolding 
protein specific to excitatory synapses. In both control- and Dlx2-transfected OPCs, excitatory synaptic 
proteins were largely absent at 21 dpt (not shown), which can be expected as there is no excitatory input 
onto these OPC-derived inhibitory neurons. Taken together, these findings suggest Dlx2-mediated OPC-
derived GABAergic neurons form exclusively inhibitory synapses amongst each other.  
 
We have shown that overexpression of Dlx2 in OPCs converted their fate into GABAergic neurons that 
expressed Gad67. However, because mCherry expression in transfected OPCs disappeared in long-term 
cultures, we could not identify the transfected cells beyond the first week. To circumvent this and facilitate 
identification of inhibitory neurons, we immunopurified OPCs from the neocortex of NG2cre mice crossed 
to Gad1-GFP knock-in mice (NG2cre:Gad1-GFP mice) and transfected them with a Cre-dependent Tol2 
transposon expression system, which allows for integration of mCherry or Dlx2-mCherry into the genome 
for permanent fate tracking (Gotoh et al., 2018). Utilizing Tol2 transposon-flanked vectors that have a Cre-





able to excise the stop sequence and express Dlx2 or mCherry. Moreover, successfully reprogrammed OPCs 
will express GFP, indicating transcription of the Gad1 gene, which encodes for Gad67.   
 
To trace the fate of OPC-derived neurons, OPCs were immunopurified from NG2cre:Gad1-GFP mice as 
described above and co-transfected with a plasmid encoding transposase and a transposon construct Tol2-
Dlx2-ires-mCherry (Tol2-Dlx2) or Tol2-ires-mCherry plasmid (Tol2-mCherry). We saw expression of 
Gad1GFP as early as 3 dpt (not shown). We previously showed that at 14 dpt, 99.4% of Map2+ cells are 
Gad67+ in Dlx2-transfected OPCs, but this quantification included possible contaminating neurons. 
However, using our optimized genetic approach, we found that at 14 dpt, 93.6 ± 0.4% of transfected 
mCherry+ cells were also Gad1GFP+ in Dlx2-transfected OPCs (Figure 6A,C)  compared to 1.2 ± 1.1% in 
control-transfected OPCs, similar to our previous quantifications (Figure 6B-C). This suggests that the 
Gad1GFP+ cells seen in control-transfected OPCs are nearly all contaminating neurons. Moreover, Vgat 
positive puncta can be seen adjacent to the mCherry+ dendrite in Dlx2-transfected cells that is absent in 
control-transfected cells (Figure 6A-B; arrowheads). Control-transfected mCherry+ cells either remain as 
Olig2+ OPCs (Figure 6D, arrowheads) or differentiate into membranous oligodendrocytes (Figure 6B, 
arrow).  Taken together, our data indicates a high reprogramming efficiency of OPCs into GABAergic 
inhibitory neurons by Dlx2.  
 
2.3.3 OPC-derived neurons have immature electrophysiological characteristics 
We next sought to determine whether these synapses formed by OPC-derived GABAergic neurons were 
mature and functional. To determine the electrical capability of OPC-derived neurons, we performed 
current-clamp electrophysiological recordings and examined for current-induced action potentials. We 
observed a gradient of frequency of action potentials from GFP+ mCherry+ induced neurons, ranging from 
a few action potentials, indicative of immature neurons, to high bursts of action potential trains, indicative 
of mature interneurons (Figure 7A). Three out of seven recorded cells had this mature firing pattern (43%; 





what is seen in Parvalbumin+ (PV) interneurons. Conversely, mCherry+ cells in control-transfected OPCs 
had no action potentials (100% of cells recorded; Figure 7B), which indicates these cells were not 
reprogrammed and supports earlier reports that OPCs do not fire action potentials (Bergles et al., 2000; Lin 
et al., 2005; Ziskin et al., 2007; Mangin et al., 2008). We were unable to record from GFP+ mCherry+ cells 
in control-transfected OPCs as they were extremely low in number and difficult to locate. Our findings 
suggest that at 14 dpt, Dlx2-mediated induced neurons are in transition from an electrophysiologically 
immature state to mature state, evident in the range of firing activity and patterns observed.   
 
2.3.4 Characterization of OPC-derived interneuron subtypes 
We next sought to determine whether OPC-derived induced neurons can be classified into an interneuron 
subtype or if reprogrammed interneurons maintain a mixed phenotype identity. Specifically, we examined 
whether induced neurons expressed PV subtype-specific genes at 14 dpt, given that their 
electrophysiological properties resembled fast-spiking PV+ interneurons. We also included somatostatin 
(SST) subtype-specific genes (Zeisel et al., 2015; Tasic et al., 2016). PV protein expression does not appear 
until P10-P14 in the young adult brain (del Rio et al., 1994), and when stained at 14 dpt, Dlx2-transfected 
mCherry+ cells were negative for PV (not shown). To identify an interneuron subtype gene expression 
profile, we performed RT-qPCR on Dlx2-transfected and control-transfected OPCs at 14 dpt. As an internal 
control, we examined Gad1 (gene encoding for Gad67) expression and found significant upregulation in 
Dlx2-transfected OPCs compared to control-transfected, and no change in Cspg4 or Gfap expression 
(control genes for OPCs and for the bed of astrocytes present in the culture, respectively). We examined 
the expression of interneuron genes that are expressed in specific subtypes generated from Dlx2-expressing 
neural progenitors during development. We examined the expression of Sst as well as another gene that has 
been shown to persist into adulthood in Sst-expressing interneurons, Satb1, a transcription factor that 
recruits chromatin remodeling factors and plays a critical role in the specification and maturation of SST+ 
interneurons (Close et al., 2012; Denaxa et al., 2012; Mayer et al., 2018). Epha5, a receptor tyrosine kinase 





(Mi et al., 2018). We found significant upregulation of both Sst and Satb1 mRNA but not Epha5 (Figure 
8A). For the PV+ interneuron subtype, we examined Pvalb (the gene that encodes PV), as well as three 
other genes whose expression persists in this interneuron subtype: 1) Mef2c, a transcription factor critical 
for PV+ interneuron development; 2) Erbb4, an EGF RTK involved in transcription and nuclear signaling, 
and 3) Plcxd3, a phospholipase C protein (Mayer et al., 2018). For early markers of PV+ interneurons, we 
included Ccnd2, a cyclin D2 involved in G1/S phase found to influence PV-expressing interneuron density, 
and St18, a transcription factor involved in migration (Mi et al., 2018). Of these PV characterizing genes, 
only Erbb4 was significantly upregulated.  Lastly, VIP and Id2, two other genes that categorize interneuron 
subtypes, were not significantly upregulated. Taken together, these data suggest that Dlx2-mediated OPC-
derived interneurons might be differentiating into SST-expressing interneurons. 
 
2.3.5 Upregulation of neuronal genes in Dlx2-transfected OPCs   
Very little is known about the molecular mechanisms behind neuronal reprogramming, especially in OPCs. 
Consequently, we sought to identify genes regulated by Dlx2 during the fate switch of OPCs to immature 
neurons. To generate a transcriptomic profile of Dlx2-transfected OPCs during the critical window of fate 
switch into immature neurons, we purified mCherry+ cells and subjected them to RNA sequencing 2 days 
after transfection with control or Dlx2 plasmids, when the Dlx2-transfected cells were beginning to undergo 
morphological changes into neuron-like cells. In control- transfected cells, 16,950 genes were detected and 
17,464 genes detected in Dlx2-transfected cells (count >1; HISAT2 and Cufflinks pipelines; see Methods). 
In the FPKM Tables generated by the Cufflinks pipeline, we verified that Dlx2 was highly detected (2923 
FPKM) in Dlx2-transfected cells and was barely detectable (12 FPKM) in control cells.  
 
We used the DeSeq2 program to identify genes that were differentially expressed between control and 
Dlx2-transfected cells and restricted our analysis to genes that were significantly differentially expressed 
with the adjusted p-value (p-adj) of <0.01. There were 740 differentially expressed genes, of which 445 





14A shows a heatmap of the 50 most significantly differentially expressed genes with the lowest p-adj 
values. Among the genes that were most significantly downregulated in Dlx2-transfected cells were Cspg4, 
which encodes NG2, and the oligodendrocyte bHLH transcription factors Olig1 and Olig2. These genes 
were represented in the largest biological process of gliogenesis in the GO analysis of downregulated genes 
(Figure 9B). Although not in the top 50, two other important genes in the oligodendrocyte lineage that 
appeared in this GO category were PDGFRα (ranked 209 by p-adj) and Sox10 (ranked 705). The majority 
of the other biological processes that were highly represented among the downregulated genes were related 
to chromatin assembly and organization, with the majority of the genes in these groups encoding histone 
proteins.  
 
There was significant upregulation of immature neuronal genes such as Dcx (Doublecortin) (Figure 9A) 
and Tubb3 (III-tubulin) (Supplementary Table 1), as well as other genes important for neuronal function 
such as voltage-dependent K+ channels (Kcnq3 and Kcng1) and neurotransmission such as Grin2a (NMDA 
receptor 2A) and Sytl4 (synaptotagmin-like protein 4)). Among the most significantly upregulated 
transcription factors was Sp9, which regulates the expression of Fgf8 (fibroblast growth factor 8) implicated 
in telencephalic patterning (Suzuki-Hirano et al., 2009). GO analysis of the upregulated genes revealed an 
enrichment of genes that are important for neurogenesis and neuronal differentiation (Figure 14C). Nine 
out of ten gene ontology terms that were overrepresented in Dlx2-transfected cells were related with axonal 
growth. Among the top 50 most significantly differentially expressed genes that were identified in these 
categories were regulators of RhoA and related GTPases such as Arhgap29 (Rho GTPase-activating protein 
29), Fam65b (Rho family-interacting cell polarization regulator2, also known as Ripor2), Rnd3 (Rho-
related GTP-binding protein RhoE), and Tiam2 (T-lymphoma invasion and metastasis-inducing protein 2), 
as well as other genes implicated in neurite extension such as Shtn1 (Shootin 1).  
 





When we further examined neuronal genes that were upregulated in Dlx2-transfected OPCs, many were 
those known to be expressed by inhibitory neurons (Figure 9D). They included Gad1, which encodes 
Gad67, and its closely related gene Gad2, which encodes Gad65, as well as Slc32a1, which encodes 
vesicular GABA transporter (VGAT). Gad1 is expressed across all cortical interneuron subtypes (Zeisel et 
al., 2015; Tasic et al., 2016). Mature interneuron subtype-specific genes such as Sst (somatostatin), Pvalb 
(parvalbumin), and VIP (vasoactive intestinal peptide) were not detected in Dlx2-transfected neurons at 2 
dpt, suggesting that at 2dpt, Dlx2-transfected OPCs had not yet become specified into differentiated 
interneuron subtypes. We did not see upregulation of genes expressed by cortical excitatory neurons such 
as Slc17A7, which encodes vesicular glutamate transporter Vglut1 and is expressed across all 
subpopulations of excitatory neurons in the visual cortex (Tasic et al., 2016), and Tbr (T-box brain protein 
1), which encodes a transcription factor expressed across all pyramidal neuron subtypes in the 
somatosensory cortex (Zeisel et al., 2015), consistent with the lack of excitatory neurons in our 
immunofluorescence data. Of the Dlx family members, Dlx5 and 6 play an important role in interneuron 
development and are known to be directly activated by Dlx2 (Zhou et al., 2004). Dlx5 but not Dlx6 was 
significantly upregulated. Additionally, Dlx1, which is co-regulated with Dlx2 (Ghanem et al., 2003, Poitras 
et al., 2007), was also upregulated in Dlx2-transfected OPCs (Figure 14D). Interestingly, two long non-
coding RNAs (lncRNAs) in the Dlx family were also highly upregulated. The natural antisense transcript 
to Dlx6, Dlx6os (Evf2), which promotes neurogenesis through inhibition of DNA methylation at the Dlx5/6 
ultraconserved enhancer (Bond et al., 2009; Berghoff et al., 2013), was the most significantly upregulated 
gene in Dlx2-transfected cells (Supplementary Table 1). We also detected a high degree of upregulation of 
Dlx1as, a lncRNA to Dlx1 (64-fold increase). By contrast, Neurod1, which is a bHLH transcription factor 
important for the development of excitatory neurons (Schwab et al., 1998; Olson et al., 2001; Guo et al., 
2014) was not detected in Dlx2-transfected OPCs or control mCherry-transfected OPCs. These findings 
indicate that Dlx2-transfected OPCs had initiated the program towards becoming specifically GABAergic 






Downregulation of cell cycle genes 
A key determinant of a successfully differentiated neuron is the acquisition of post-mitotic traits, and 
consequently downregulation of cell cycle genes. OPCs are a proliferating population, but upon 
differentiation into oligodendrocytes, key cell cycle genes are repressed to confer a post-mitotic phenotype. 
Cell cycle genes known to become downregulated upon oligodendrocyte differentiation (Swiss et al., 2011; 
Marie et al., 2018) in OPCs were examined in the RNA-seq data. The expression of 1/3 of the cell cycle 
genes remained relatively unchanged in both Dlx2- and Control-transfected OPCs. However, the majority 
of cell cycle genes were downregulated in Dlx2-transfected OPCs compared to control, with Ccnd1 being 
significantly downregulated. This suggests that Dlx2-transfected OPCs become post-mitotic and lose their 
ability to proliferate upon differentiation into inhibitory neurons.   
  
Dynamic expression of Dlx family of genes during neuronal reprogramming of OPCS 
To determine whether the Dlx family of genes exhibit similar temporal expression patterns in Dlx2-
transfected OPCs as during normal embryonic interneuron development, we performed qRT-PCR to 
identify transcript levels of the Dlx family of genes at 2 and 7 dpt. At 2 dpt, Dlx1as and Dlx6os were 
significantly upregulated in Dlx2-transfected OPCs compared to control-transfected cells, validating our 
RNA-seq data (Figure 10A). Contrary to our RNA-seq data, Dlx1 and 5 were not significantly upregulated 
in Dlx2-transfected OPCs, but Dlx6 was significantly upregulated. Unlike for RNA-sequencing, we did not 
sort for mCherry+ transfected cells when collecting RNA for qRT-PCR, so samples contained both 
transfected and untransfected cells. It is possible that analysis of only transfected cells would have yielded 
a greater difference between control- and Dlx2-transfected cells for Dlx1 and 5 transcripts. At 7dpt, there 
was a significant increase in Dlx2 and Dlx6 expression in Dlx2-transfected cells compared to control-
transfected cells (Figure 10B). When we compared 2 and 7 dpt for just the Dlx2-transfected OPCs, there 
was a large significant transient spike in both lncRNAs that decreased back down to control levels by 7 dpt, 





that Dlx1as may play a role in upregulating Dlx1 expression. Dlx5 expression remained unchanged at 7 dpt 







Direct reprogramming of resident brain cells into neurons is an attractive approach as it does not require 
introduction of foreign cells to the brain. OPCs are a ubiquitous and abundant self-renewing population in 
the brain, making them a favorable target for cellular reprograming strategies. In this study, we show the 
application of a single transcription factor, Dlx2, to robustly generate GABAergic inhibitory neurons from 
OPCs in vitro. These OPC-derived inhibitory neurons exhibit fast spiking firing patterns similar to PV+ 
interneurons, and form inhibitory synapses with each other. Identification of the transcriptional profile of 
OPCs during the window of fate switch into neurons shows that the program towards inhibitory 
differentiation is specified early on, but not interneuron subtype specification.  
 
Previous reports using Dlx2 for inhibitory neuronal reprogramming have involved a cocktail of other 
transcription factors in order to be successful, particularly transcription factors that are considered “pioneer” 
factors with the ability to initiate the cascade for remodeling of closed regions of chromatin. Dlx2 in 
combination with Ascl1 generates GABAergic interneurons from human pluripotent stem cells (Yang et 
al., 2017). In astrocytes, Dlx2 alone can convert fate into GABAergic neurons, but at a much lower 
efficiency of 35%, but when combined with Ascl1, increased to 93% (Heinrich et al., 2011). We showed 
that in OPCs, inhibitory neurons are reprogrammed at an efficiency of 94% with Dlx2 alone. OPCs express 
low levels of Ascl1 (Supplementary Table 1; Zhang et al., 2014), which might circumvent the need for the 
addition of this transcription factor to the reprogramming gene cocktail. Furthermore, key interneuron 
transcription factor genes exist in a more readily accessible chromatin state in OPCs compared to astrocytes 
or fibroblasts, potentially bypassing the need for drastic chromatin remodeling during the fate switch 
(Boshans et al., 2019; see Chapter 3).  
 
Dlx2-induced inhibitory neurons exhibited a range of firing activity at 14 days post transfection, from 
generating just a few action potentials to fast spiking trains. Our results indicate this time point might be a 





a higher proportion of mature inhibitory neurons. Since interneuron subtype specification could not be 
determined from the electrophysiological properties, we examined mRNA expression of early and late 
genes expressed specifically in PV+ and SST+ interneurons at 14 dpt and showed significant increase in 
Sst and Satb1 transcripts. Satb1 is highly expressed in MGE interneuron precursors (Alvarez et al., 2000; 
Batista-Brito et al., 2008b) and plays an important role in the survival and maturation of SST+ interneurons. 
Overexpression of Satb1 in dissociated MGE precursors resulted in an increase in the percentage of MGE 
cells that differentiated into SST+ interneurons compared to PV+ interneurons, suggesting that Satb1 plays 
a role in the specification of the SST+ interneuron subtype (Denaxa et al., 2012), and deletion of Satb1 from 
neural precursors resulted in death of SST+ interneurons (Close et al., 2012). Moreover, during embryonic 
development of interneurons, Dlx1 expression persists in SST+ interneurons, and we showed a sustained 
and increased expression of Dlx1 at 2 and 7 dpt. It has been proposed that the PV+ interneuron identity is 
the default state of neural progenitors that is modified by the expression of CoupTF2, Dlx1, Npas1, and 
Satb1 to become SST+ interneurons (Hu et al., 2017). There is transient Dlx1 expression in early PV+ fated 
progenitors that disappears upon PV specification. However, in progenitors where Dlx1 expression is 
sustained, the progenitors are pushed towards an SST+ fate, with upregulation of CoupTF2, Npas1, and 
Satb1. CoupTF2 also promotes the SST+ interneuron fate, and overexpression of CoupTF2 increases the 
proportion of SST+ interneurons generated (Hu et al., 2017). Examination of these genes in OPC-derived 
inhibitory neurons would further elucidate the subtype of these reprogrammed GABAergic neurons.      
 
We generated a transcriptomic profile of Dlx2-transfected OPCs during the window of fate conversion into 
inhibitory neurons and found that many inhibitory neuronal genes were significantly upregulated, while 
excitatory neuronal genes were not expressed, consistent with our morphological and immunofluorescence 
data. Interestingly, two long-noncoding RNAs in the Dlx family, Dlx6os, or Evf-2, and Dlx1as, were 
significantly upregulated at 2 dpt in both our RNA-seq data and qRT-PCR validation. Both also exhibited 
transient spikes that went down by 7 dpt. Mutation in Evf-2 results in a reduction of hippocampal 





2 has also been shown to recruit and form a complex with Dlx2 to activate the Dlx5/6 intergenic enhancer, 
with both proteins required for increased activity of the enhancer (Feng et al., 2006). This is consistent with 
our findings, and could be responsible for the increased and sustained expression of Dlx6 at 2 and 7 dpt. A 
similar transient spike was observed for Dlx1as at 2 dpt, but Dlx1 was not significantly upregulated until 7 
dpt. Unlike Evf-2, Dlx1as may act to inhibit Dlx1 expression. In adult SVZ cells, knockdown of Dlx1as 
resulted in decreased expression of Dlx1 and Dlx2 (Ramos et al., 2013). Conversely, Dlx1as knock-out 
mice resembled a Dlx1 gain-of-function mutation and resulted in increased expression of Dlx1 (Kraus et 
al., 2013). Elucidation of the mechanisms employed by these lncRNAs can refine and facilitate Dlx2-
mediated OPC reprogramming.  
 
In vivo studies have shown that OPCs can be reprogrammed into neurons in the injured adult cortex through 
retroviral transduction with NeuroD1 or Sox2 and Ascl1 (Guo et al., 2014; Henrich et al., 2014). More 
recently, another group (Torper et al., 2015; Periera et al., 2017) showed that inhibitory neurons could be 
generated in the normal adult striatum by adeno-associated viral delivery with a combination of three 
dopaminergic transcription factors. However, the mechanisms by which direct neuronal conversion from 
OPCs occurs remains unclear. Further mechanistic insight into factors that hinder or promote neuronal 
reprogramming of glial cells would facilitate the application of reprogramming strategies in disease models 



















Figure 2. Transfected cells are OPCs and express Dlx2 at 1 dpt.  
(A) Immunolabeling for Dlx2 (green) in OPCs transfected with control mCherry (top) or Dlx2 (bottom) 
plasmids at 1 dpt. Dlx2 is detected in Dlx2-transfected but not mCherry-transfected cells. (B) 
Immunolabeling for NG2 (green), mCherry (red) and Olig2 (blue) in OPCs transfected with mCherry (top) 






Figure 3. Phenotype of OPCs transfected with Dlx2.  
(A) Immunolabeling for Olig2 (blue) in OPCs transfected with mCherry (top) or Dlx2 (bottom) plasmids 
at 2 dpt showing lack of detectable Olig2 in Dlx2-transfected mCherry+ cells (arrowheads). (B) 
Immunolabeling for Dcx (green) and mCherry (red) in OPCs transfected with mCherry (top) or Dlx2 
(bottom) at 2 dpt. Dcx is detected in mCherry+ cells transfected with Dlx2 but not mCherry. (C) 
Immunolabeling for βIII-tubulin (Tuj1, green) and NG2 (blue) in OPCs transfected with mCherry (top) or 
Dlx2 (bottom) plasmids at 2 dpt. From left to right: overlay, βIII-tubulin immunofluorescence, mCherry 
fluorescence, and NG2 immunofluorescence. βIII-tubulin+ processes are detected in Dlx2-transfected but 
not mCherry-transfected cells. (D) Bar graph showing the proportion of transfected cells that became 
neurons (Tuj1+) in mCherry- (blue) and Dlx2- (black) transfected OPCs. Error bars, SD. ** p<0.001, 





Figure 4. Dlx2-transfected OPCs do not revert to a stem cell-like state prior to differentiation.  
(A) Immunopanned untransfected OPCs immunolabeled for Sox2 (green) and NG2 (red) 1 day after plating, 
showing strong nuclear Sox2 immunoreactivity in all NG2-expressing cells. (B) Immunopanned 
untransfected OPCs immunolabeled for nestin (green) and Pdgfra (red) 1 day after plating, showing nestin 
immunoreactivity in Pdgfra+ cells. (C) Immunolabeling for Sox2 in OPCs transfected with mCherry (top) 
or Dlx2 (bottom) plasmids at 2 dpt, showing strong Sox2 immunoreactivity in control mCherry-transfected 
cells and weak (arrows) to barely detectable (arrowheads) Sox2 in Dlx2-transfected cells. (D) 
Immunolabeling for nestin in NG2 cells transfected with mCherry (top) or Dlx2 (bottom) plasmids at 2 dpt, 










Figure 5. Dlx2 expression in OPCs converts fate into synapse-forming, GABAergic inhibitory 
neurons.  
(A) Representative example of neuronal density in mCherry (top) and Dlx2 (bottom) transfected coverslips 
at 14 dpt, immunolabeled for Map2 (green) and Gad67 (red). There is a dense network of Map2+ Gad67+ 
cells in Dlx2-transfected culture, whereas in control mCherry-transfected culture, Map2+ Gad67+ cells are 
rare and are seen in isolation. Scale bar, 50 µm. (B) Bar graph showing the average number of Map2+ cells 
per coverslip (y-axis) for mCherry-transfected (red) or Dlx2-transfected (black) (x-axis) OPCs. Listed 
below x-axis is the total number of Map2+ cells found in each condition, the percent Gad67+ cells and the 
percent Vgat+ cells. (C) Co-localization of Gad67 (red) and Vgat (blue) at 14 dpt in Dlx2-transfected OPCs. 
Arrowheads indicate area where Gad67 and Vgat double positive puncta wrap around Map2+ (green) 
dendrites. Right panels show higher resolution images of the boxed region in left panel. Scale bars, 20 µm 
(low resolution image) and 10 µm (higher resolution images). (D) Co-localization of pre-inhibitory synaptic 
protein gephryin (red) and post-synaptic inhibitory protein Vgat (blue) at 21 dpt in Dlx2-transfected OPCs. 
Arrowheads indicate co-localized pre- and post-synaptic puncta. Right panels show higher resolution 







Figure 6. Large majority of Dlx2-transfected but not control-transfected OPCs become inhibitory 
neurons.  
(A) Tol2-Dlx2-transfected OPCs immunopurified from NG2cre:Gad1-GFP mice at 14 dpt immunolabeled 
for Gad1-GFP (green), mCherry (red) or Vgat (blue). Top Immunofluorescence image shows a GFP and 
mCherry double positive neuron. Scale bar, 30 µm. Bottom panels are higher resolution images of the boxed 
region in top panel, showing overlay of mCherry and Vgat (left), mCherry in grayscale (middle) and Vgat 
in grayscale (right). Arrowheads indicate Vgat+ puncta located adjacent to mCherry+ process. Scale bar, 
15 µm. (B) Tol2-mCherry-transfected OPCs immunopurified from NG2cre:Gad1-GFP mice at 14 dpt 





shows mCherry+ cells that are not GFP+. Arrow indicates an mCherry+ cell that differentiated into a 
membranous oligodendrocyte. Scale bar, 30 µm. Bottom panels are higher resolution images of the boxed 
region in top panel, showing overlay of mCherry, GFP and Vgat (left), GFP in grayscale (middle) and Vgat 
in grayscale (right). mCherry+ cell is negative for GFP expression. Scale bar, 15 µm. (C) Bar graph showing 
the percent of RFP+ cells that were GFP+ (y-axis) for Tol2-mCherry-transfected (red) or Tol2-Dlx2-
transfected (black) (x-axis) OPCs. Error bars, SD. **** p<0.0001, student’s T-test, unpaired. (D) mCherry-
transfected OPCs at 14 dpt immunolabeled for GFP (green), mCherry (red) and Olig2 (blue). Arrowheads 






Figure 7. OPC-derived inhibitory neurons exhibit fast-spiking firing patterns.  
(A) Membrane voltage traces in response to current injection. Red indicates response to highest current 
injection. Recorded cells categorized into four types, based on the electrical response to voltage clamp 
recordings. (B) Pie chart showing distribution of the four recorded cell types in (A), of mCherry-transfected 













Figure 8. Interneuron subtype mRNA expression in mCherry- or Dlx2-transfected cells at 14 dpt.  
Bar graph of foldchange (y-axis) of RT-qPCR data for various inhibitory neuron subtype-specific genes (x-








Figure 9. Differential gene expression analysis of mCherry- and Dlx2-transfected OPCs.  
(A) Heatmap of the 50 most significantly differentially expressed genes. Orange bar represents mCherry 
control replicates and green bar represents Dlx2-transfected replicates. Legend depicts degree of expression 





gene ontology (GO) terms associated with significantly upregulated (B) or significantly downregulated (C) 
gene groups, graphed based on order of significance. X-axes represent the number of genes matched to each 
GO term. Legends show the p-value of each GO term, with red and blue representing a gradient of high to 
low significance, respectively. (D) Bar graph of FPKM values (y-axis) of select neuronal genes (x-axis) in 
mCherry- (pink) and Dlx2- (green) transfected OPCs. Listed below x-axis is the p-adj rank and fold 
upregulation of the significantly differentially expressed genes. *p-adj<0.01. (E) Heatmap reflecting fold-
changes of cell cycle genes. Legend depicts degree of expression with red representing upregulation and 


































Figure 10. Time course expression analysis of the Dlx family transcripts at 2 and 7 dpt in mCherry- 
and Dlx2-transfected cells. (A) Box plot of fold change (y-axis) of Dlx genes (x-axis) at 2 dpt in Dlx2-
transfected OPCs (blue) relative to mCherry-control transfected OPCs (red). (B) Box plot of fold change 
(y-axis) of Dlx genes (x-axis) at 7 dpt in Dlx2-transfected OPCs (blue) relative to mCherry-control 
transfected OPCs (red). (C) Box plot of fold change (y-axis, logarithmic scale) of the Dlx family mRNA 
transcripts at 2 and 7 dpt (x-axis). Legend represents each Dlx transcript examined. Dotted line represents 
the baseline of fold change compared to mCherry-transfected cells. There is a transient up-regulation of 
Dlx family lncRNAs Dlx1as and Dlx6as and delayed up-regulation of Dlx1 mRNA. *p<.05; **p<.01; 






Chapter 3. The chromatin environment around interneuron genes in OPCs and their 
potential for interneuron reprogramming 
3.1 Introduction 
Roughly half of the OPCs present in the adult brain arise from neural progenitor cells (NPCs) in discrete 
domains in the ventral germinal zones during mid-embryonic development, and this process is dependent 
on the bHLH transcription factor Olig2 (Lu et al., 2002, Takebayashi et al., 2002, Zhou and Anderson, 
2002). These ventral NPCs in the ganglionic eminences also give rise to interneurons (Spassky et al., 1998, 
Nery et al., 2001, Kessaris et al., 2006, Miyoshi et al., 2007). They express the homeodomain transcription 
factors Dlx1 and 2, and when Dlx1/2 expression is sustained, these cells become GABAerigc interneurons. 
A subpopulation of these NPCs down-regulate Dlx1/2 and up-regulate Olig1/2. Cross-repression of Dlx1/2 
and Olig1/2 plays an important role in the determination of interneuron and oligodendrocyte cell fate 
(Petryniak et al., 2007, Silbereis et al., 2014). Once specified, OPCs do not revert to a neuronal fate under 
physiological conditions, but can be reprogrammed into neurons through the expression of neuronal 
transcription factors (Nishiyama et al., 2009, 2016; Torper et al., 2015; Pereira et al., 2017).  
 
Somatic cell reprogramming using transduction of four factors Oct3/4, Sox2, c-Myc, and Klf4 resets the 
epigenetic state of a differentiated cell into an induced pluripotent state, with changes in DNA and histone 
methylation at the key transcription factors (Wernig et al., 2007). The efficiency of reprogramming into a 
pluripotent state drastically increases when the physical barrier created by nucleosomes around the 
pluripotency factors is removed to create an open chromatin state that is accessible for transcription factor 
binding (Ehrensberger and Svejstrup, 2012). ATP-dependent chromatin remodeling enzymes and/or 
posttranslational modification of histones play an important role in altering the chromatin state during 
somatic cell reprogramming to induced pluripotent state. Overexpression of the BAF complex 
(Brg/Brahma-associated factors), one of the four ATP-dependent chromatin remodeling complexes (Hota 





cells from fibroblasts by opening the chromatin, thereby obviating the need for c-Myc in the reprogramming 
process (Singhal et al., 2010). Moreover, histone posttranslational modifications (PTMs) such as 
methylation and acetylation serve as a “code” that is read by “histone readers” that recruit molecular 
complexes, leading to nucleosome reorganization and restructuring of the chromatin landscape. Inhibition 
of enzymes that promote chromatin condensation, such as DNA methyltransferases and histone 
deacetylases, can increase the efficiency of generating induced pluripotent cells (Shi and Jin, 2010). Thus, 
it is likely that the chromatin landscape of a differentiated cell affects the ability of the cell to undergo 
reprogramming. However, little is known about the chromatin landscape around neuronal genes in 
committed glial cells that might affect their neuronal reprogramming efficiency.  
 
The most prevalent histone PTM is acetylation of lysine (K) residues, which results in a weaker interaction 
between the histones and negatively charged DNA, ultimately leading to a loose chromatin structure and 
thereby considered active histone modifications (Bannister and Kouzarides, 2011). In particular, acetylation 
of lysine residue 27 on histone 3 (H3K27ac) is found predominantly at gene enhancers and highly associated 
with actively transcribed genes (Creyghton et al., 2010). Similarly, H3K4me3 marks are found at the 
promoters of actively transcribed genes (Barski et al., 2007). Conversely, deposition of methyl marks on 
lysine residue 27 or 9 results in more tightly bound DNA. Consequently, H3K27me3 and H3K9me3 are 
considered repressive modifications and associated with silenced genes, with the latter mark present at more 
permanently repressed genes (Barski et al., 2007; Boyer et al., 2006; Bannister et al., 2001; Zhu et al., 
2013).     
 
In chapter 2, it was shown that Dlx2 alone was able to reprogram OPCs into inhibitory neurons with a high 
reprogramming efficiency. By contrast, a recent study that overexpressed Dlx2 in astrocytes generated 
inhibitory neurons at a much lower efficiency (Heinrich et al., 2010). The reprogramming efficiency was 
drastically enhanced with the addition of Ascl1, which has been shown to be a “pioneer” transcription 





factors (Zaret and Carroll, 2011; Wapinski et al., 2017). This suggests that Dlx2 alone is sufficient to 
reprogram OPCs but not astrocytes into inhibitory neurons. Based on these observations and the close 
relationship between interneuron and oligodendrocyte development, we hypothesized that interneuron 
genes in OPCs are modified by histone PTMs that facilitate their reprogramming into interneurons. To test 
this, we have systematically analyzed active, latent, bivalent, and repressive histone marks at the promoter 






Interneuron gene expression in OPCs and other cell types 
To compile a list of interneuron genes, we curated genes that are important for interneuron development, 
function, and identity from four datasets (Batista-Brito et al., 2008; Zhang et al., 2014; Zeisel et al., 2016, 
and the Gene Expression Nervous System Atlas (GENSAT) database) (Figure 2, Supplementary Table 2). 
The FPKM (fragments per kilobase per million mapped reads) values corresponding to transcript levels in 
OPCs and astrocytes from postnatal day 7 (P7) mouse cortex were obtained from the RNA-seq database 
generated by Barres and colleagues    https://web.stanford.edu/group/barres_lab/brain_rnaseq.html), from 
which we extracted FPKM values for the curated interneuron genes (Supplementary Table 3). Genes with 
FPKM <1 were considered “not expressed”. Gene Ontology analysis was performed with the web toolset 
g:Profiler (version r1750_e91_eg38) to identify enrichment of biological processes (Reimand et al., 2007, 
Reimand et al., 2016)) using the g:GOSt gene group functional profiling function. GO terms with p-
value<0.05 were considered significantly enriched. 
 
RNA-seq data for interneuron genes expressed in normal adult skin tissue (dermal fibroblasts) were 
downloaded from accession GSE98157 as an FPKM transcript Table (Zhao et al., 2019). Microarray 
expression data for interneuron genes expressed in mouse fibroblasts isolated from E13.5 embryos were 
downloaded from accession GSE8024 as processed data (Mikkelsen et al., 2007). RNA-seq data for mouse 
medial ganglionic eminence (MGE) isolated from E12.5 embryos were downloaded from accession 
GSE99049 as processed FPKMs (Liu et al., 2019).   
 
Chromatin-Immunoprecipitation sequencing (ChIP-seq) analysis 
We obtained ChIP-seq data for genomic regions that were occupied by histone 3 lysine 27 acetylation 
(H3K27ac) and histone 3 lysine 4 tri-methylation (H3K4me3) in P2 rat cortical OPCs (Yu, et al., 2013); 
histone 3 lysine 27 tri-methylation (H3K27me3) and H3K9me3 in P1 rat cortical OPCs, and histone 3 lysine 





experiments were approved by the Institutional Animal Use and Care Committees. The ChIP-seq data for 
H3K27ac and H3K4me3 were aligned to the rat rn5 genome build using Bowtie with the following options: 
-p 8 --best --chunkmbs 200 (http://bowtie-bio.sourceforge.net). Peak calling was performed using Model-
based Analysis of ChIP-seq (MACS) with a p value cutoff of 1x e-9 (http://liulab.dfci.harvard.edu/MACS). 
The ChIP-seq data of histone 3 lysine 27 tri-methylation (H3K27me3) and histone 3 lysine 9 tri-methylation 
(H3K9me3) were obtained from OPCs isolated from P1 rat cortices of either sex (Liu et al., 2015), and 
MACS was used for peak calling.  
 
For analysis of histone marks in adult human astrocytes and adult dermal fibroblasts, H3K27ac, H3K4me3, 
H3K4me1, H3K27me3, and H3K9me3 ChIP-seq datasets were generated by the ENCODE Project 
Consortium (Consortium EP, 2012) and downloaded as narrowPeak files from the roadmap epigenomics 
project web portal (https://egg2.wustl.edu/roadmap/web_portal/) and converted to BED files. ChIP-seq data 
for mouse astrocytes were obtained from embryonic stem (ES) cell -derived neural progenitor cells (NPCs) 
that were differentiated into mature astrocytes (Tiwari et al., 2018). EncodePeak files for H3K27ac and 
H3K4me1 ChIP-seq datasets were downloaded from the GEO database, accession GSM2535250, and 
converted to BED files. H3K27me3 ChIP-seq data for cortical astrocytes isolated at P5, expanded for 10 
days and infected with EGFR-expressing viral supernatant were downloaded from the GEO database, 
accession GSE76289, as BED files (Signaroldi et al., 2016). For analysis of mouse adult dermal fibroblasts, 
H3K4me3 and H3K27me3 ChIP-seq datasets were downloaded from the GEO database, accession 
GSE58965, as BedGraph files and converted to BED files (Park et al., 2017). For analysis of histone marks 
in E13.5 mouse embryonic fibroblasts (MEFs), H3K27ac, H3K4me1, and H3K4me3, ChIP-seq datasets, 
broadPeak files were downloaded from the GEO database, accession GSE31039 generated by the mouse 
ENCODE project, and H3K27me3 and H3K9me3 wig files were downloaded from accession GSE26657 
and converted to BED files. For analysis of histone marks of the medial ganglionic eminence (MGE) region 





output files were downloaded from accession GSE85704 and converted to BED files (Sandberg et al., 
2016). 
 
All ChIP-seq BED files were used to call for closest genes using the closest feature utility in bedtools. ChIP 
peaks were parsed based on location, with ±2 kb from the gene transcription start site (TSS) defined as 
promoter, 2 kb downstream from gene TSS to 2kb downstream from the end of the last exon defined as 
gene body, and any peaks outside those regions defined as intergenic enhancer. Significant peaks were 
filtered with a false discovery rate ≤ 5% and p-value 1.00e-05. To compare RNA-seq expression and peak 
intensity of histone PTMs across different datasets, signal intensity values within each dataset in a given 
cell type were converted to percentiles, ranging from 100 for the gene with the highest mRNA expression 
or histone modification peak signal intensity to 0 for the gene with the lowest mRNA expression or peak 
signal intensity or no signal.  
 
Assay for Transposase Accessible Chromatin-sequencing (ATAC-seq) Analysis  
To assess chromatin accessibility, ATAC-seq data for open chromatin regions from P7 mouse cortical OPCs 
was downloaded from accession GSE116598 (Marie, et al., 2018), and bigWig files were converted to BED 
files and BedGraph files. ATAC-seq data from adult mouse astrocytes infected with Xbp1-shRNA in an 
EAE model was downloaded from accession GSE121923 as BedGraph files and converted to BED files 
(Wheeler et al., 2019). Closest genes to ATAC-seq peaks were called as described above. For visualization 
of genome tracks, BedGraph files were uploaded to the Integrative Genomics Viewer (Thorvaldsdottir et 






3.3.1 Compiling interneuron genes  
Since OPCs share an early developmental origin with cortical interneurons, we sought to determine whether 
OPCs had specific histone post-translational modifications (histone PTMs) at interneuron genes, which 
might facilitate their conversion into interneurons. We first curated a list of genes that are expressed 
specifically in interneurons at different stages of their development or known to be important for 
differentiation and maturation of interneurons from the following four sources (Figure 11A-B, Table S1): 
1) The top 500 genes that were enriched in acutely dissociated neurons from P8 cortex compared to genes 
expressed by OPCs, and this list included both excitatory and inhibitory neurons (Zhang et al., 2014); 2) 82 
genes expressed in immature postmitotic interneuron precursors from E13.5 and E15.5 mouse neocortex 
(Batista-Brito et al., 2008); 3) 365 genes expressed in mature interneurons in young adult (P21-P31) 
somatosensory cortex and hippocampal CA1 region identified by single cell RNA-seq (Zeisel et al., 2016); 
and 4) 372 genes listed as interneuron-associated genes in the GENSAT database generated using text 
annotation search for “interneuron”. This resulted in a combined list of 890 non-duplicate genes (Figure 
2B). We chose these four sources since they provided a diverse list of interneuron genes expressed at 
different developmental stages. This included genes that are important for the differentiation, function and 
subtype specification of interneurons (Batista-Brito et al., 2008, Rudy et al., 2011, Pla et al., 2018).  
 
3.3.2 Expression of interneuron genes in OPCs and astrocytes 
We previously noted from published transcriptomic analyses that OPCs express low levels of transcripts 
encoding some neuronal genes (Nishiyama et al., 2016). To systematically determine the levels of 
interneuron gene expression in OPCs, we generated a list of interneuron genes that had an FPKM>1 in the 
RNA-seq database generated from purified P7 mouse neocortical OPCs (Zhang et al., 2014). Of the 890 
curated interneuron genes described above, 46% (405 genes) were expressed (FPKM >1) in OPCs, with an 
average FPKM of 15.8 and median FPKM of 6.8 (Supplementary Table 3). Gene ontology analysis of 





development, neuronal projection development, and regulating membrane potential, ion transport and 
signal transduction (Figure 11C). Some of these enriched “interneuron” genes may play a role in OPC 
function such as process extension and regulation of membrane potential, supporting a shared function in 
OPCs and interneurons. We also examined interneuron gene expression in cortical astrocytes from P7 mice 
(Zhang et al., 2014) and found that compared to OPCs, fewer interneuron genes were expressed in 
astrocytes (330 genes, 37% of the 890 interneuron genes), with an average FPKM value of 13.2 and median 
FPKM of 5.4 (Supplementary Table 3). Gene ontology analysis of the interneuron genes expressed in 
astrocytes revealed that 6 of the 10 top GO terms were shared with those represented in OPCs. Unique 
functions for interneuron genes expressed in astrocytes included neurogenesis and regulation of synaptic 
transmission and neurotransmitter receptor activity, consistent with the known role of astrocytes at synapses 
(Figure 11D).  
 
3.3.3 Histone post-translational modifications (histone PTMs) at interneuron genes in OPCs 
We examined whether there were histone PTMs at a subset of interneuron genes in OPCs that could 
facilitate their reprogramming into inhibitory neurons. Specifically, we were interested in determining 
whether interneuron genes in OPCs had an enrichment of bivalent histone PTMs. Bivalent genes are defined 
as genes that are occupied by both active and repressive histone PTMs. Many of the bivalently modified 
genes are developmentally important genes that regulate cell fate, and the bivalent marks are often resolved 
into either active or repressive marks as the cell differentiates into a more mature cell type, leading to 
transcriptional activation or silencing of the genes, respectively (Bernstein et al., 2006, Zhou et al., 2011). 
Thus, genes that are bivalently marked are considered to be repressed but “poised” for activation.  
 
To determine the key categories of histone PTMs associated with interneuron genes in OPCs, we analyzed 
ChIP-seq datasets from postnatal rodent OPCs for H3K4me1, H3K4me3, H3K27ac, H3K27me3, and 
H3K9me3 (Yu et al., 2013; Liu et al., 2015; Factor and Tesar, unpublished) at the promoter and distal 





(Roh et al., 2006), and distal region included gene body and intergenic regions. We used the following 
criteria to classify histone PTMs at interneuron genes. Promoter regions were classified into, 1) active 
histone PTM defined by H3K27ac occupancy with or without H3K4me3 (Creghyton et al., 2010; Barski et 
al., 2007; Sandberg et al., 2016); 2) bivalent histone PTM defined by the dual occupancy of the active mark 
H3K4me3 and the repressive mark H3K27me3 (Barski et al., 2007, Young et al., 2011, Matsumura et a., 
2015; Creyghton et al., 2010; Zentner et al., 2011; Rada-Iglesias et al., 2011); and 3) repressive histone 
PTM defined by H3K27me3 occupancy without any of the above active marks (Barski et al., 2007; Boyer 
et al., 2006; Bannister et al., 2001; Zhu et al., 2013). Distal regions were classified into 1) active histone 
PTM defined by H3K27ac occupancy with or without H3K4me1 (Creghyton et al., 2010; Barski et al., 
2007); 2) latent histone PTM defined by H3K4me1 occupancy alone (Guenther et al., 2007; Barski et al., 
2007; Rada-Iglesias et al., 2011; Bogdanovic et al., 2012); 3) bivalent histone PTM defined by occupancy 
of H3K27ac alone or in combination with H3K4me1 and/or H3K27me3 (Zentner et al., 2011; King et al., 
2016); and 4) repressive histone PTM defined by H3K27me3 occupancy alone or in combination with 
H3K4me1 (Attanasio et al., 2014). Genes marked with latent histone PTMs are considered to be ‘primed’ 
for activation, and this modification typically precedes H3K27ac deposition. Interneuron genes that lacked 
any of the above histone PTMs were grouped as “no marks”, and interneuron genes that were not found in 
the ChIP-seq data were classified as “not found”.  
 
When we examined the histone PTMs at the 890 curated interneuron genes in postnatal mouse or rat OPCs, 
surprisingly none of the interneuron genes were bivalently marked at the promoter, and only 6.3% were 
bivalently marked at distal regions (Figure 12B). None of these were transcription factors known to be 
important for interneuron differentiation (Table 1). Among the interneuron genes, 17.5% and 21.5% had 
active histone modifications at promoter and distal regions, respectively (Figure 12B). While genes with 
H3K27ac had the highest transcript levels, those with H3K27ac positioned at both the promoter and gene 
body had higher transcript levels (average FPKM 32.87) than those with H3K27ac positioned at the 





transcription factor genes, Dlx2, Lhx6, and Sp9 were in this distal active category (Table 1). Only 0.5% of 
the interneuron gene promoters and 5.7% of distal regions were repressively marked in OPCs. The majority 
of interneuron genes (55.4%) lacked any of the analyzed histone PTMs at the promoter, and 21% of the 
genes also lacked the analyzed PTMs at distal regions. This group of interneuron genes in OPCs with “no 
marks” at the promoter included all but one of the ten key interneuron transcription factor genes (Dlx1, 
Dlx2, Dlx5, Lhx6, Lhx8, Lhx9, Sp8, and Sp9). Dlx1, Dlx5, and Dlx6 also lacked the analyzed histone 
PTMs at distal sites (Table 1). One-fifth of interneuron genes were latently marked at distal regions, 
including transcription factors Lhx5, Lhx8, Lhx9 and Sp8, suggesting these genes were in a chromatin state 
“primed for activation”.  
 
3.3.4 Histone PTMs at interneuron genes in astrocytes  
We next examined whether the number and extent of histone PTMs at interneuron genes differed between 
OPCs and astrocytes, which represent another non-neuronal neuroectodermally derived cell type. We first 
compared human adult astrocytes with OPCs because ChIP-seq data for all four histone PTMs at the 
promoter were not available for mouse astrocytes. The most striking difference between mouse OPCs and 
human astrocytes was the abundance of bivalent histone PTMs at the 890 interneuron genes in astrocytes 
both at promoter and distal regions, which represented one-third of the interneuron genes (Figure 12C), 
compared to that in OPCs. A significantly larger proportion of the interneuron genes had repressive marks 
in astrocytes than in OPCs at the promoter or distal sites. All the key interneuron transcription factor genes 
had either bivalent or repressive marks in astrocytes (Table 1). Two other major differences between OPCs 
and human astrocytes were the larger proportion of interneuron genes in OPCs with no marks at the 
promoter or distal sites and those with distal latent marks compared with astrocytes. More interneuron genes 
in astrocytes had active marks at the promoter than those in OPCs, while at distal regions, the proportion 






To determine whether the observed differences in histone PTMs at interneuron genes between murine OPCs 
and human astrocytes were due to species differences or a reflection of the differences between the cell 
types, we performed a similar analysis on mouse cells. Since a comparable ENCODE ChIP-seq datasets 
from acutely isolated mouse astrocytes was not available, we used H3K27ac and H3K4me1 ChIP-seq 
datasets from ES cell-derived NPCs that had been further differentiated into astrocytes (Tiwari et al., 2018) 
and H3K27me3 ChIP-seq dataset from astrocytes isolated from P5 mouse cortex and expanded for 10 days 
in culture (Signaroldi et al., 2016). These astrocytes exhibited some phenotype of mature astrocytes, such 
as the expression of Aquaporin-4 and genes involved in signaling and cytokine response (Tiwari et al., 
2018). Since H3K4me3 ChIP-seq data was unavailable for mouse astrocytes, we analyzed distal regions 
only. The abundance of bivalently and repressively marked genes was similar in human and mouse 
astrocytes and much greater than that in OPCs (Figure 12B-D). A notable difference between mouse and 
human astrocytes was the higher proportion of interneuron genes that were latently marked (Figure 12D), 
which was comparable to that in OPCs and could reflect the degree of cell maturity rather than species 
difference. The proportions of actively marked interneuron genes in mouse astrocytes was slightly higher 
compared to human astrocytes and comparable to that in OPCs. The key interneuron transcription factor 
gene Dlx2 had a distal active mark in both OPCs and mouse astrocytes, while the other two transcription 
factor genes Lhx6 and Sp9 that had active distal PTMs in OPCs had distal bivalent marks in mouse 
astrocytes, and those with latent marks in OPCs (Lhx5, 8, 9, and Sp8) had distal repressive marks in mouse 
astrocytes. The proportion of interneuron genes with no marks was similar between human and mouse 
astrocytes and represented a significantly lower fraction than those with no marks in OPCs. Overall, the 
distribution of histone PTMs at interneuron genes were highly conserved between the mouse and human, 
and the most significant differences in the histone PTMs at interneuron genes between OPCs and astrocytes 
was the higher occupancy of bivalent and repressive marks in astrocytes and the paucity of genes with no 






3.3.5 Histone PTMs at interneuron genes in fibroblasts 
We next compared histone PTMs at interneuron genes between OPCs and fibroblasts. Fibroblasts are 
mesodermally derived and are often targeted for direct reprogramming. We reasoned that the mesodermal 
origin of fibroblasts would result in a more closed chromatin environment around interneuron genes, with 
greater repressive and lower bivalent or active marks. We first examined adult human dermal fibroblasts, 
for which ChIP-seq data for all the histone PTMs were available. The proportion of repressive and bivalent 
marks at interneuron genes was significantly higher both at the promoter and distal regions in adult human 
fibroblasts compared to murine OPCs (Figure 13A). The proportion of these marks was highly conserved 
in adult (8-week-old) mouse dermal fibroblasts (Figure 13A,B). Surprisingly, about one-third of the 
interneuron genes in mouse and human fibroblasts had active marks at the promoter, similar to astrocytes 
and higher than that in OPCs. Fibroblasts had a similar proportion of latently marked genes to astrocytes, 
which was lower than that in OPCs. Surprisingly, the interneuron transcription factor Dlx2 had active 
promoter marks in both mouse and human dermal fibroblasts, while the other interneuron transcription 
factor genes had either repressive or bivalent marks in fibroblasts, with the exception of active promoter 
marks on Lhx6 in mouse fibroblasts and active promoter marks on Sp9 in human fibroblasts (Table 1).   
 
In addition to adult fibroblasts, we examined histone PTMs at interneuron genes in fibroblasts isolated from 
E13.5 mouse embryos to explore age-dependent differences (Figure 13C). Mouse embryonic fibroblasts 
(MEFs) are a population of immature fibroblasts that have been widely used as a starting population for 
reprogramming. The most notable characteristic of histone PTMs in MEFs was that two-thirds of 
interneuron genes had active modifications at the promoter, which was significantly higher than that in any 
other cell types examined, including OPCs. This was accompanied by a lower proportion of bivalent and 
repressive marks at the promoter compared to adult fibroblasts, though they were higher than in OPCs. The 
distal histone PTMs in MEFs were similar to those in adult fibroblasts except for the larger proportion of 
latently marked genes in MEFs, which was comparable to that in OPCs. In MEFs, the key interneuron 





the promoter, while Dlx5 and Dlx6 were bivalently modified at the promoter (Table 1). These findings 
suggest that cells from developmentally immature animals tended to have more active promoter and latent 
distal histone PTMs and fewer genes with repressive marks than those from more mature animals.  
 
3.3.6 Histone PTMs in cells from mouse medial ganglionic eminence (MGE) 
We examined histone PTMs at interneuron genes in cells from E12.5 MGE as an example of progenitors 
that were fated to become inhibitory neurons. The MGE at this developmental age consists of neural 
progenitors, neuroblasts, post-mitotic differentiating inhibitory neurons and a small population of 
progenitor cells that are becoming committed to the oligodendrocyte lineage. The most striking feature of 
the histone PTMs in MGE cells was the abundance of interneuron genes with bivalent marks, particularly 
at the promoter, which comprised almost half of the interneuron genes (Figure 13D) and higher than in any 
other cell types, consistent with the presence of multipotent progenitors in this region. Notably, all the key 
interneuron transcription factor genes had bivalent marks at the promoter and distal sites (Table 1). MGE 
cells also had a higher proportion of interneuron genes with active marks at the promoter and distal regions 
compared with OPCs, though this was lower than that in MEFs.  The proportion of repressive modification 
at the promoter region of interneuron genes was similar to that in MEFs and OPCs and slightly higher than 
in OPCs at distal regions. These findings suggest that interneuron genes are more highly decorated with 
bivalent histone PTMs in MGE cells than in other cell types, consistent with previous reports on bivalent 
marks in uncommitted progenitor cells (Boyer et al., 2006; Bernstein et al., 2006; Mikkelsen et al., 2007).   
 
3.3.7 Expression of interneuron genes in mouse OPCs, astrocytes, fibroblasts, and MGE cells 
To determine if the histone PTM occupancy at interneuron genes were correlated with transcription, we 
compared interneuron genes in each histone PTM category to the RNA-seq data of different cell types. The 
FPKM values of interneuron genes in P7 cortical OPCs and astrocytes (Zhang et al., 2014) and the histone 
PTM patterns for OPCs are shown in Supplementary Table 3. We extended the analysis of interneuron gene 





methods of transcriptome analyses of the various mouse cell types precluded a direct comparison of FPKM 
values, we normalized the range of FPKM or microarray expression values within each RNA-seq or 
microarray dataset to obtain percentiles of transcript expression for each cell type, ranging from highest at 
100th percentile to lowest at 0th percentile, and compared the percentile values for interneuron genes among 
OPCs, mouse astrocytes, adult mouse fibroblasts, MEFs, and MGE.  
 
Overall, the levels of interneuron transcripts with each histone PTM category tended to be higher in OPCs 
than in astrocytes, with the exception of latently marked interneuron genes, which were expressed at 
comparable levels in OPCs and astrocytes (Figure 13E,F). When comparing transcript levels of interneuron 
genes marked by the different histone PTMs, interneuron genes with active modifications at either the 
promoter or distal regions had the highest average expression percentile in all cell types, as expected. In 
OPCs, 83% of the interneuron genes with active marks at the promoter had FPKM values above 1, and the 
majority of interneuron genes with FPKM values above 100 had an active modification at the promoter 
and/or distal region. (Supplementary Table 3).  
 
Generally, there was a good correlation between histone PTMs at the promoter and transcript levels (Figure 
13E). Those with active marks had the highest level of expression, those with repressive marks had the 
lowest expression, and those with bivalent marks had intermediate levels of expression. Interneuron genes 
with no marks at the promoter had a wide range of expression, from <1 to >100 FPKM, but the average 
expression levels of these genes were significantly lower than those with active marks, and this was true 
for all cell types. The average expression level of interneuron genes with no marks at the promoter was 
higher than those with repressive marks. However, in OPCs, the nine key interneuron transcription factor 
genes described above that had no marks at the promoter all had FPKM values of <1, which is consistent 






In OPCs, the expression levels of interneuron genes with different types of histone PTMs at distal sites did 
not segregate as cleanly as the promoter marks. While the genes with distal active marks had the highest 
levels of expression, those with latent, bivalent, repressive or no marks at distal sites were expressed at 
similar levels in OPCs. By contrast, in astrocytes, there was a tighter correlation between expression levels 
and distal histone PTMs, similar to the histone PTM at the promoter. Thus, interneuron genes with bivalent 
or repressive marks were more repressed in astrocytes than in OPCs.  
 
3.3.8 Quantitative analysis of histone PTMs at interneuron genes with bivalent and repressive marks 
We explored further into the nature of the bivalent modification that was detected at an unexpectedly large 
number of interneuron genes in astrocytes and fibroblasts from both human and mouse. The analysis 
described above did not take into account the ChIP-seq peak signal intensity of each kind of histone PTM. 
To more quantitatively examine the histone PTMs at interneuron genes, we normalized the range of signal 
intensities within a histone PTM dataset to obtain percentiles of signal intensities, ranging from highest at 
100th percentile to lowest at 0th percentile, and compared the percentile values for each type of histone PTM 
at the interneuron genes among murine OPCs, human adult astrocytes, mouse astrocytes, and human adult 
dermal fibroblasts. We were unable to include the MEFs in this comparison because there was no 
quantitative output from the available ChIP-seq data. We limited our analysis to distal sites because there 
were too few interneuron genes with bivalent or repressive marks at the promoter region in OPCs for a 
meaningful comparison. 
 
The most notable difference between OPCs and astrocytes or adult dermal fibroblasts was that the signal 
intensity of H3K27me3 at distal regions of interneuron genes with both bivalent and purely repressive 
histone PTMs was significantly lower in OPCs compared to human and mouse astrocytes and adult human 
fibroblasts (Figure 14A,B). When comparing the range of the occupancy of the H3K27me3 mark at distal 
sites in both bivalently and repressively marked interneuron genes, the majority of the genes with 





degrees of enrichment for H3K27me3 at interneuron genes were found in astrocytes and fibroblasts. We 
included an analysis of H3K9me3 as another repressive modification and an indicator of heterochromatin. 
The difference between the depth of H3K9me3 enrichment at interneuron genes in OPCs and astrocytes 
was not as prominent as the difference in H3K27me3, while fibroblasts had a significantly greater 
deposition of H3K9me3 compared to OPCs. These observations indicated a tendency for many of the 
interneuron genes to be more heavily enriched for the repressive histone PTM H3K27me3 in astrocytes and 
fibroblasts than in OPCs, consistent with lower levels of interneuron transcripts in astrocytes compared 
with OPCs. 
 
3.3.9 Chromatin accessibility in murine OPCs and mouse astrocytes 
We have shown that OPCs have the highest proportion of interneuron genes that lacked the four histone 
modifications analyzed, particularly at key interneuron transcription factors (Table 1), while this group of 
“unmarked” genes had the highest expression of interneuron genes among all mouse cell types analyzed 
(Figure 14E,F). In addition to histone PTMs, the chromatin structure also critically affects transcription by 
modulating accessibility of transcription factors (Thurman et al., Nature 2012). ATAC-seq is a method that 
uses a mutant Tn5 transposase to interrogate across the genome for accessible and hence open chromatin, 
which can be quantified by degree of transposase-mediated insertion of sequencing adaptors, measured by 
the number of sequencing reads. We analyzed available ATAC-seq datasets from P7 mouse cortical OPCs 
(Marie et al., 2018) and adult mouse cortical astrocytes (Wheeler et al., 2019) to examine chromatin 
accessibility around the key interneuron transcription factors. OPCs had sizeable open chromatin peaks 
around the TSS and the first exons of Dlx1, Dlx2 and Dlx6 genes that were largely absent or very sporadic 
in astrocytes (Figure 15). This is consistent with the previous report that genes that are transcribed typically 
have a large chromatin peak at the TSS as well as the transcription termination site (Teif et al., 2012), and 
suggests a more transcription-conducive environment at these genes in OPCs. Other key interneuron 
transcription factor genes that were unmarked in OPCs, including Dlx5, Lhx5, Lhx6, and Sp8 also had 





seemed more randomly distributed throughout the genes. Both OPCs and astrocytes had a chromatin peak 
around the first exon of the Sp9 gene, but the intensity was much greater in OPCs. This supports the notion 
that interneuron genes lacking the four histone modifications have a permissive environment and thus may 







Gene expression is globally regulated by transcription factor availability and the chromatin environment. 
Histone PTMs and ATP-dependent chromatin remodeling complexes play key roles in defining the 
chromatin landscape of a given cell type under different conditions. We focused this study on examining 
histone PTMs at interneuron genes in OPCs as a first step toward gaining a mechanistic insight into how 
OPCs can be reprogrammed toward an interneuron fate. We were particularly interested in determining 
whether histone PTMs at interneuron genes in OPCs were distributed in a way that marked them in a “poised 
state”. Bivalent histone modifications are characterized by the presence of both active and repressive 
histone PTMs. During development, the bivalent marks are often resolved into either active or repressive 
marks as the cell differentiates from a progenitor state into a mature cell type, resulting in transcriptional 
activation or silencing of the genes, respectively (Bernstein et al., 2006, Zhou et al., 2011). Since OPCs that 
arise from ventral sources, which comprise about half of those in the neocortex and are lineally closely 
related to interneurons, our initial hypothesis was that OPCs have an enrichment of bivalent histone PTMs 
at interneuron genes, making them “poised for activation”, compared to other cell types such as astrocytes 
and fibroblasts, which are developmentally more distant from interneurons. However, contrary to our 
expectations, we found that bivalent modifications were the least abundant in OPCs at interneuron genes, 
and a large majority of interneuron genes either had active or no histone PTMs at their promoter, while 
bivalent marks were a prominent feature of the promoter of interneuron genes in the MGE.  
 
3.4.1 Active and latent histone PTMs at interneuron genes  
Using the available transcriptomic data, we found that interneuron genes were expressed at a higher level 
in OPCs than in astrocytes. This led us to closely examine active histone PTMs in these cells. H3K27ac is 
a well-characterized active histone mark correlated with enhancer activity (Barski et al., 2007), and 
H3K4me3 has traditionally been associated with active promoters, although it is also deposited at 59% of 
silent promoters (Guenther et al., 2007; Barski et al., 2007). H3K4me1 is associated with active enhancers 





Rada-Iglesias et al., 2011). For this reason, we classified promoters with H3K4me3 and/or H3K27ac and 
distal regions of genes with H3K27ac with or without H3K4me1 as active. Distal regions associated with 
H3K4me1 without the other active PTMs were classified as latent. The presence of H3K27ac at both the 
promoter and gene body showed the greatest correlation with higher transcript levels, as was the presence 
of active promoter PTMs, consistent with previous reports. The proportion of interneuron genes with active 
histone PTMs was unexpectedly high in fibroblasts, as we had predicted that interneuron genes would be 
more permanently repressed in mesodermally derived cells. It is possible that histone marks do not affect 
chromatin structure by themselves but influence the binding or activity of other chromatin regulators, such 
as ATP-dependent chromatin remodeling enzymes (Zentner and Henikoff, 2013). The abundance of genes 
with active promoter marks in fibroblasts was even greater in MEFs, which could reflect the generally high 
degree of open chromatin and active transcriptional state in embryos. In OPCs, there were more interneuron 
genes with latent marks than in other cell types, particularly those from adults, suggesting that this could 
be a PTM that has a more significant function in cells during development. Consistent with the “priming” 
function known for the H3K4me1 mark, the transcript levels of these genes were comparable to those of 
distal bivalently marked genes and lower than those of actively marked genes.  
 
3.4.2 Bivalent and repressive histone PTMs at interneuron genes  
Contrary to our prediction that many of the interneuron genes have bivalent marks in OPCs, strikingly, 
none of the interneuron genes had bivalent marks at the promoter in OPCs, and bivalent marks were more 
frequently detected in all the other cell types. Moreover, the relative abundance of bivalent marks was 
highly conserved in human and mouse astrocytes. When we examined quantitatively the degree of 
enrichment of each of the specific histone PTMs classified as bivalent marks, the repressive H3K27me3 
mark was significantly more enriched at interneuron genes in adult human astrocytes than in OPCs. This 
was not the case with mouse astrocytes, which had been cultured from NPCs and matured in vitro for 5 
days. Thus, the higher H3K27me3 deposition at bivalently marked genes in astrocytes could reflect age-





have a greater enrichment of H3K27me3 at interneuron genes. While H3K27me3 or Ezh2, the Polycomb 
group methyltransferase that catalyzes the deposition of this PTM, has been detected at some interneuron 
genes (Sher et al., 2012; Liu et al., 2015), our analyses revealed a greater occupancy of the active H3K27ac 
mark at distal bivalently modified interneuron genes in OPCs compared to other cell types. Collectively, 
these observations indicate that the interneuron genes were less repressed in OPCs, consistent with the 
higher average FPKM of bivalently marked interneuron genes in OPCs than in astrocytes. Similarly, among 
the repressively marked genes, there was a greater enrichment of H3K27me3 in adult astrocytes and 
fibroblasts than in OPCs. In contrast to H3K27me3, H3K9me3 occupancy at interneuron genes in OPCs 
was similar to that in astrocytes but lower than that in fibroblasts. It is possible that this modification plays 
a more important role in permanently repressing interneuron genes in non-neurectodermally derived cells. 
Compared to OPCs, H3K9me3 has been shown to be more abundant in mature oligodendrocytes, and many 
of the genes occupied by H3K9me3 in oligodendrocytes are genes related to GABAergic transmission and 
neuronal differentiation (Liu et al., 2015). Thus, it appears that in the terminally differentiated 
oligodendrocytes, H3K9me3-mediated repression of interneuron genes occurs more prominently than in 
astrocytes and that the interneuron fate is more tightly sealed. This is consistent with the observation that 
astrocytes can be reprogrammed into interneurons under certain conditions (Heinrich et al., 2010; Niu et 
al., 2013). 
 
3.4.3 No histone PTMs at many interneuron genes in OPCs, particularly the key transcription factor 
genes 
A major unexpected observation was the large number of interneuron genes in OPCs that had none of the 
four histone marks at either their promoter or distal regions. It was intriguing that all but one of the ten key 
interneuron transcription factors in OPCs had no marks at their promoter (Table 1). Several observations 
make it highly unlikely that this group arose from technical reasons such as inadequate peak detection of 
the ChIP-seq data. First, other modifications, such as active marks were detected at the promoters in OPCs. 





from those in other cell types. Third, ATAC-seq data revealed greater chromatin accessibility around the 
transcription initiation sites of these genes in OPCs compared to that in astrocytes in which these genes 
were more prominently marked by bivalent and repressive marks. Collectively, these observations indicate 
that interneuron genes with no promoter marks represent a specific functional state that can be considered 
as a ‘poised’ state, somewhat similar to bivalently or latently marked genes. It is possible that they represent 
a transition from an active to a more repressed state or the converse as the cells develop further along the 
oligodendrocyte lineage, analogous to the bivalent marks in multipotent stem cells. Notably, all ten key 
interneuron transcription factor genes were bivalently marked in E12.5 MGE cells, which is consistent with 
the original description of bivalent histone PTMs prior to lineage restriction from multipotent stem cells, 
which are resolved to either active or repressive marks upon lineage commitment (Boyer et al., 2006; 
Bernstein et al., 2006). It would be interesting to examine the evolution of the PTMs at these genes 
throughout different stages of oligodendrocyte development.  
 
The OPCs that were used for ChIP-seq analyses in this study were mostly derived from neocortical OPCs 
from perinatal rodents, which represent a mixture of OPCs derived from ventral germinal zones and those 
from the dorsal Emx1 domain (Kessaris et al., 2008; Winkler et al., 2018). The paucity of repressive histone 
PTMs at interneuron genes in OPCs could reflect a unique property of ventrally derived OPCs that share 
their origin with interneurons, and that this signal is diluted by dorsally derived OPCs with a different 
histone PTM signature. Conversely, interneuron genes in OPCs from the ventral sources might require 
tighter repression when their fate diverges from a common precursor to firmly establish their 
oligodendrocyte lineage identity, and that the paucity of repressive marks in cortical OPCs reflects the 
property of dorsally derived OPCs diluted by ventrally derived OPCs with a different PTM signature. It is 
also possible that the histone modifications do not reflect the origin of OPCs but rather the function of OPCs 
and the necessity to transcribe some genes expressed in interneurons to maintain OPC functions. 
Comparison of ChIP-seq data of OPCs from ventral and dorsal germinal zones should provide a clearer 





chromatin landscape. Regardless of the possible heterogeneity among OPCs in their histone modifications, 
the lack of repressive histone PTMs and the open chromatin state at these key interneuron transcription 
factor genes found in the neocortical OPCs could give OPCs a significant advantage over other cell types 
for reprogramming into interneurons.  
 
In summary, we have identified a characteristic histone PTM signature at interneuron genes in OPCs, which 
consisted of an enrichment of active histone PTMs and a paucity of bivalent and repressive modifications, 
particularly H3K27me3, compared with adult astrocytes and fibroblasts. In both OPCs and astrocytes, the 
histone PTM signature was highly correlated with transcript levels. MEFs, on the other hand, had a greater 
enrichment of active histone PTMs at their interneuron genes, suggesting that age significantly influences 
the chromatin landscape. Most somatic cell reprogramming strategies require the bHLH transcription factor 
Ascl1 (Wapinski et al., 2013), which is considered a pioneer transcription factor capable of opening 
nucleosome-bound chromatin (Zaret and Carroll, 2011; Wapinski et al., 2017). Our findings that OPCs had 
a more accessible chromatin environment around their key interneuron transcription factor genes and lacked 
repressive marks could be partially explained by the expression of Ascl1 in OPCs (Nakatani et al., 2013; 
Zhang et al., 2014), suggesting that OPCs could more readily switch their fate into interneurons than adult 
fibroblasts or astrocytes, given the correct signals. The observation that OPCs in the ventral telencephalon 
(striatum) can be more readily reprogrammed into interneurons (Torper et al., 2015; Pereira et al., 2017) 
than those in the neocortex, which can only be reprogrammed in the injured environment (Heinrich et al., 
2014; Guo et al., 2014), could be related to differences in their epigenetic landscape around interneuron 
genes that may be influenced by their developmental origin. Further explorations on age-, and cell type-, 
and cell origin-dependent differences in the chromatin landscape could lead to rational approaches for 
manipulating the fate of OPCs and exploiting the lineage plasticity of this ubiquitous and abundant self-







Figure 11. Curated list of interneuron genes.  
(A) Diagram illustrating the stages of interneuron development and the sets of interneuron genes used. 
Markers used to identify interneuron populations are shown. (B) Venn diagram displaying the number of 
genes obtained from each source and the degree of overlap. A total of 500 genes from P8 neocortical 
neurons, 82 genes from immature neurons from embryos, 365 genes from cortical interneurons from 
juvenile mice, and 372 genes from GENSAT annotated interneurons.  (C-D) Bar graphs of the top 10 
significant gene ontology (GO) terms (y-axis) of interneuron genes expressed in OPCs (C) and astrocytes 
(D). The number of genes in each GO category is shown on the x-axis. GO categories are ordered by p-












Figure 12. Histone post-translational modifications (PTMs) at interneuron genes in OPCs and 
astrocytes. 
(A) Diagram illustrating the operational classification of histone PTMs at the promoter and distal regions 
of interneuron genes used in this study. Red marks indicate active histone PTMs and blue marks indicate 
repressive histone PTMs. (B) The proportion of the 890 curated interneuron genes with each category of 
histone PTMs at promoter and distal regions in postnatal OPCs. (C-D) The proportion of interneuron genes 
with each category of histone PTMs at promoter and distal regions in adult human astrocytes (C), and at 










Figure 13. Histone PTMs at interneuron genes in embryonic and adult fibroblasts and MGE cells. 
Distribution of histone PTMs at promoter and distal regions of all 890 curated interneuron genes in adult 
human fibroblasts (A), mouse fibroblasts (B), mouse embryonic fibroblasts (C), and mouse MGE (D). Bar 
graph of average expression percentiles (y-axis) of interneuron genes expressed in OPCs (blue), astrocytes 
(red), adult fibroblasts (dark green), and embryonic fibroblasts (light green) for each histone PTM category 




















Figure 14. ChIP-seq peak signal intensity at interneuron genes in OPCs and other cell types.  
Dot plots show signal intensity percentiles (y-axis) for histone PTMs (x-axis) at interneuron genes in OPCs 
(blue), human astrocytes (red), mouse astrocytes (pink), and adult human fibroblasts (light green) among 
the bivalently marked (A) and repressively marked (B) interneuron genes. Each circle represents the signal 
intensity percentile data after binning of two adjacently ranked genes. Horizontal bars represent the means 
of the signal intensity percentiles within each histone PTM dataset. * p<0.05, ** p<0.01, *** p<0.001, two-







Figure 15. ATAC-seq genome tracks showing open or closed chromatin regions at key interneuron 
transcription factor genes.  
Tracks show peak signal intensity (y-axis) for open chromatin regions of interneuron genes (x-axis) in 
mouse OPCs (red, top panels) and mouse astrocytes (green, bottom panels). Individual gene maps are 
shown in blue. Tracks span +5kb from first exon and –5kb from last exon of each gene. Black arrows 







Table 1. Histone post-translational modifications at key interneuron transcription factor genes in 
different cell types. 
Red, active marks; orange, latent mark; green, bivalent marks; blue, repressive marks; gray, no marks; 
purple, gene not found in the ChIP-seq dataset.   
Gene Promoter Distal Gene Distal Gene Promoter
Dlx1 No Marks No Marks Dlx1 No Marks Dlx1 Bivalent
Dlx2 No Marks Active Dlx2 Active Dlx2 Active
Dlx5 No Marks No Marks Dlx5 Repressive Dlx5 Repressive
Dlx6 Not Found No Marks Dlx6 Repressive Dlx6 Repressive
Lhx5 No Marks Latent Lhx5 Repressive Lhx5 Repressive
Lhx6 No Marks Active Lhx6 Bivalent Lhx6 Active
Lhx8 No Marks Latent Lhx8 Repressive Lhx8 Repressive
Lhx9 No Marks Latent Lhx9 Repressive Lhx9 Bivalent
sp8 No Marks Latent Sp8 Repressive Sp8 Bivalent
sp9 No Marks Active Sp9 Bivalent Sp9 Repressive
Gene Promoter Distal Gene Promoter Distal
Dlx1 Active Latent Dlx1 Bivalent Bivalent
Dlx2 Active Bivalent Dlx2 Bivalent Bivalent
Dlx5 Bivalent Repressive Dlx5 Bivalent Bivalent
Dlx6 Bivalent Repressive Dlx6 Bivalent Bivalent
Lhx5 Active Repressive Lhx5 Bivalent Bivalent
Lhx6 Active Active Lhx6 Bivalent Bivalent
Lhx8 Active Active Lhx8 Bivalent Bivalent
Lhx9 Active Bivalent Lhx9 Bivalent Bivalent
Sp8 Active Latent Sp8 Bivalent Bivalent
Sp9 Active Repressive Sp9 Bivalent Bivalent
Gene Promoter Distal Gene Promoter Distal
Dlx1 Bivalent Repressive Dlx1 Bivalent Repressive
Dlx2 Bivalent Bivalent Dlx2 Active Active
Dlx5 Bivalent Repressive Dlx5 Bivalent Repressive
Dlx6 Bivalent Repressive Dlx6 Bivalent Repressive
Lhx5 Repressive Repressive Lhx5 Repressive Repressive
Lhx6 Repressive Bivalent Lhx6 Repressive Repressive
Lhx8 Repressive Repressive Lhx8 Bivalent Repressive
Lhx9 Repressive Bivalent Lhx9 Bivalent Repressive
Sp8 Bivalent Repressive Sp8 Bivalent Repressive
Sp9 Bivalent Repressive Sp9 Active Active
MGE
Human Astrocyte Human Adult Fibroblast






Chapter 4. The effect of a mouse model of Dravet syndrome on OPCs 
4.1 Introduction 
Dravet syndrome (DS) is an early-onset drug-resistant epilepsy characterized by frequent, prolonged 
seizures that can be induced by high temperatures or fever (Oguni et al., 2001). Patients with DS typically 
experience a convulsive seizure within one year of life and develop disabling cognitive, behavioral and 
motor disturbances along with an increased risk of sudden unexpected death (C. Dravet, 2011). Over 70% 
of DS patients carry de novo mutations in the Scn1a gene which encodes the voltage-gated sodium channel 
α1 subunit (Nav1.1) (Claes et al., 2001; Meisler and Kearney 2005). Scn1a mutations are usually dominant, 
leading to loss of function which suggests that haploinsufficiency is the genetic basis of DS (Zuberi et al., 
2011). Scn1a is predominantly expressed in GABAergic inhibitory neurons (Ogiwara et al., 2007) and 
functional studies in mice revealed that cortical inhibitory neurons exhibit reduced intrinsic excitability and 
defects in action potential generation (Yu et al., 2006; Ogiwara et al., 2007). This results in a hyperexcitable 
network and is the cellular basis of the seizures observed.   
 
OPC dynamics have been shown to be regulated by neuronal activity and hyperexcitability. Tetrodotoxin 
injection into the rat optic nerve reduces neuronal activity and results in decreased OPC proliferation 
(Barres and Raff, 1993). Similarly, electrical stimulation of the rat corticospinal tract promotes OPC 
proliferation and differentiation (Li et al., 2010). Pilocarpine-induced mouse models of temporal lobe 
epilepsy (TLE) exhibit recurrent and spontaneous seizure activities. A recent study using this model found 
that OPC density was increased immediately and up to 5 days after seizure onset but with prolonged 
exposure to seizures, OPC density decreased below control levels (Luo et al., 2015). Additionally, they 
found a steady decline in the number of CC1+ oligodendrocytes after onset of seizures which suggests that 
the observed decrease in OPCs is not due to oligodendrocyte differentiation but possibly cell death. It is 
evident that neuronal activity influences OPCs behavior, but this has not been explored in a mouse model 






Neurons exhibit activity-dependent transcription, a key component to the neural response of 
neurotransmission (Benito et al., 2015; Yap et al., 2018). Recent work has also identified changes to 
chromatin accessibility upon electrical stimulation (Su et al., 2017; Fernandez-Albert et al., 2019). However, 
it is unknown whether OPCs also exhibit activity-dependent chromatin and transcriptional changes. This 
study aims to identify changes to chromatin accessibility and gene expression in OPCs in response to a 
hyperexcitable environment in a mouse model of DS with an A1783V Scn1a mutation (Kuo et al., 2019). 
The A1783V variant is a common loss of function missense DS mutation (Marini et al., 2007; Lossin 2009) 
that in mice exhibit spontaneous seizure activity and premature death starting at roughly 2 weeks of age 
(Kuo et al., 2019). We found more accessible chromatin for genes involved in synaptic vesicle dynamics 








Vgatcre+/-;Scn1aA1783Vf/+ mice were generated by crossing homozygous Vgat-ires-cre (Jax #016962) 
knock-in mice with heterozygous Scn1aA1783Vfl/+ mice (Jax #026133) to introduce the A1783V Scn1a 
variant exclusively in inhibitory neurons. Experimental animals heterologously express both Cre and the 
pathological Scn1a variant (hereby referred to as Scn1afl/+ mutants) and litter mate controls used were 
Vgatcre+/-;Scn1a+/+ (hereby referred to as controls). To detect proliferating cells, 5-ethynyl-2’- 
deoxyuridine (EDU, 50 μg/g, Cayman Chemicals) was injected intraperitoneally once prior to sacrifice. 
All procedures involving animals were approved by the Institutional Animal Care and Use Committee. 
 
Tissue processing and immunohistochemistry 
P15 mice were perfused with 4% paraformaldehyde (PFA) containing 0.1M L-lysine and 0.01M sodium 
meta-periodate and postfixed on ice for 2 hours. Brain tissues were dissected and washed 4 times in 0.1M 
sodium phosphate buffer, pH7.4 and incubated in 30% sucrose in 0.1M sodium phosphate buffer for at least 
24 hours. Tissues were frozen in OCT compound and 16-µm sections were cut on a Leica CM3050S 
cryostat.  
 
For immunolabeling, frozen sections were thawed to room temperature (RT) and OCT was rinsed in PBS. 
Sections were blocked in 5% normal donkey serum containing 0.1% Triton X-100 in PBS for 1 hour at RT, 
followed by incubation with PDGFRα antibody (1:1000, R&D systems) at RT overnight. The sections were 
rinsed 3 times in PBS and incubated with Alexa-Fluor 488 donkey anti-rat secondary antibody (1:500, 
Jackson ImmunoResearch). To detect EDU, sections were washed 3 times with PBS and incubated in a 
solution containing 150 mM NaCl, 100 mM TrisHCl, pH7.15, 4mM CuSO4.5H2O (Sigma), 4 ng/mL Alexa 





Sections were washed 3 times in PBS, stained with 5 µg/ml Hoechst 33342 in PBS and mounted in 
Vectashield (Vector Labs). 
 
Cell isolation for ATAC-seq and RNA-seq 
OPCs were immunopurified from the cortex of P15 mutant and control mice as described in chapter 2 with 
minor changes. Briefly, cortices were incubated in papain solution (Worthington) at 35°C for 5 min, taken 
out to remove meninges, and then incubated an additional 10 min in papain solution. Tissue was triturated 
and OPCs captured using a PDGFRα antibody-coated dish. Cells were trypsinized, spun, and resuspended 
in panning buffer. Cells were used immediately for ATAC-seq library preparation or frozen as cell pellets 
for RNA extraction.  
 
RNA extraction and library preparation 
For ATAC-sequencing, 50,000 cells were used per reaction. Libraries were created following the Omni- 
ATAC protocol (Corces et al., 2017) using Nextera Tn5 transposase enzyme. Libraries were amplified 
using previously provided primers (Buenrostro et al., 2015). Sequencing of ATAC libraries were 
performed by the Center for Genome Innovation (CGI) (University of Connecticut). For RNA- 
sequencing, frozen cell pellets were homogenized with a syringe needle and lysed with buffer provided 
by the RNA PureLink Mini kit (Promega) and RNA was extracted following manufacturer’s protocol. 
RNA library generation and sequencing were performed by the CGI. Three biological replicates were 




Nextera adapters were trimmed from raw reads using TrimGalore (v0.6.4). Reads were aligned to the 





aligning to Chromosome Y were removed through Genrich (v0.6) prior to calling peaks. Raw counts for 
peaks were generated using featureCounts in R (v3.2.2). Differential expression analysis was performed 
with DESeq2 in R. GO analysis was performed using the enrichGO function of clusterProfiler (v3.6, Yu 
et al., 2012). Peaks located at gene promoters were defined as +/- 500 bps from transcription start site 
(TSS). Genome-wide annotations were found using ChIPSeeker (v3.10). For genomic feature 
characterization, promoters were defined as +/- 3 kb from TSS. Transcription terminal site (TTS) was 
defined as 3 kb from the end of the last exon of a gene. 
 
RNA-sequencing 
Illumina adapters were trimmed from 3’ end of raw reads using TrimGalore (v0.6.4). Reads were aligned 
to the mouse mm10 reference genome using Bowtie2. Transcripts were assembled and estimated 









To generate mice that heterologously expressed the Scn1a A1783V loss of function mutation conditionally 
in inhibitory neurons, we crossed Scn1aA1783Vfl/+ mice with mice homozygous for Cre recombination 
expression in Slc32a1, the gene that encodes the vesicular GABA transporter, VGAT. These 
Vgatcre+/+;Scn1aA1783Vfl/+ mice (referred to as Scn1afl/+ mutants) exhibited frequent spontaneous 
seizures prior to premature death, and onset of seizures occur as early as P14. All Scn1afl/+ mice die by 
P21. Consequently, all our analyses were performed on mice aged P15. 
 
To determine the effect of hyperexcitability on OPC proliferation, we quantified the density of PDGFRα+ 
cells that incorporated EDU. We found a 90.7% increase in the density of PDGFRα+ EDU+ cells (Figure 
16A) and a 25.4% increase in the density of total PDGFRα+ cells in the cortex of Scn1afl/+ mutants 
compared to control (Figure 16B). By contrast, the density of PDGFRα+ EDU+ cells in the corpus callosum 
remained relatively unchanged. However, there was a 46% increase in the overall density of PDGFRα+ 
cells in the corpus callosum of Scn1afl/+ mutants compared to control (Figure 16A-B). This suggests that 
hyperexcitation exhibited by Scn1afl/+ mutants increased OPC density in both the cortex and corpus 
callosum. 
 
We next sought to determine whether hyperexcitation induces changes in chromatin accessibility. ATAC-
sequencing (ATAC-seq) utilizes a Tn5 transposase enzyme that inserts adapters into open, nucleosome-
free regions of the genome which allows for amplification of accessible regions of chromatin. We 
performed ATAC-seq on acutely isolated P15 cortical OPCs isolated from Scn1afl/+ mutant and control 
mice. We identified 659 open chromatin regions present in Scn1afl/+ mutants but not controls. We 
examined the distribution of peaks based on their location within genomic features, and found that the 
majority of peaks mapped to promoters, intergenic regions and introns of annotated genes in all samples 





Differential peaks were analyzed with DESeq2 and we restricted our analysis to include only peaks with 
a p-adj <.05.  Among the 12,888 significantly differentially expressed peaks, 7,844 were gained open 
chromatin regions (increased peak intensity in Scn1afl/+ mutants compared to controls) and 5,044 were 
gained closed chromatin regions (decreased peak intensity in Scn1afl/+ mutants compared to controls). To 
characterize the genome-wide distribution of hyperexcitability-induced changes to chromatin 
accessibility, we annotated the differentially altered chromatin regions using ChipSeeker. The majority 
of chromatin changes occurred outside of promoter regions, with peaks located within intronic and 
intergenic regions (64-67% both regions combined) being the two largest altered groups (Supplemental 
Figure 1B). Only 22-23% of peaks located at promoters of genes became altered, lower than the typical 
distribution observed in Scn1afl/+ mutants and controls (Supplemental Figure 1B). 
 
We performed gene ontology (GO) analysis on all significantly differentially expressed peaks with a 
log2(fold change) > 0.5, regardless of their genomic feature. This cutoff included a reasonable number of 
genes and more stringent parameters yielded too few genes for significant analysis. The top 10 GO terms 
overrepresented for genes associated with more open chromatin regions were related to cell morphology, 
cell differentiation and cell signaling (Figure 17A). This suggests that OPCs might have become activated, 
altering their morphology in response to an hyperexcitable neural network. By contrast, the top 10 GO 
terms overrepresented among gained closed chromatin regions were associated with developmental and 
metabolic processes (Figure 17B). 
 
The above analysis included peaks that may not translate to gene transcription, such as peaks located in 
introns and exons. It has been shown that ATAC-seq peaks at the promoter are highly correlated with 
actively transcribed genes (Ampuja et al., 2017). Consequently, we next examined only the peaks present 
at promoter regions (+/- 500 bp of TSS) which included a total of 3,696 significantly differentialy 





Interestingly, for the genes associated with gained open chromatin, 4 of the top 10 GO terms were 
associated with neuron development (Figuer 17C). Genes included in those categories are Grin3a, which 
encodes the NR3A subunit of NMDA receptors and functions to suppress NMDAR activity (Sasaki et al., 
2002), Snap25, a pre-synaptic vesicular protein, and Map2. Also included is the gene Chd5, which 
encodes chromodomain helicase DNA-binding protein 5. Chd5 is induced during neuronal differentiation 
(Vestin and Mills, 2013). Transcription factors present in the GO terms associated with neural 
development include Sox5, which has been shown to be involved in generation of neuron subtypes (Lai 
et al., 2008) and Foxg1 which encodes a transcriptional repressor and prevents NPCs from differentiating 
into neurons (Hanashima et al., 2002). GO terms overrepresented among genes that become more closed 
in Scn1afl/+ mutants were related to metabolic and immune system processes (Figure 17D). 
 
To determine the effect of hyperexcitability on transcription in OPCs, we performed RNA-sequencing of 
P15 cortical OPCs from Scn1afl/+ mutant and control mice. Surprisingly, differential expression analysis 
yielded no significantly altered genes between mutants and controls. To determine whether the observed 
changes to chromatin accessibility correlate with gene transcription, we examined the degree of overlap 
between ATAC-seq peaks at gene promoters and differentially expressed genes in RNA-seq. We 
narrowed the list to include genes or peaks with a log2(fold change) >0.5 for upregulated or gained open 
genes and <-0.5 for downregulated or gained closed genes. Of the 3,635 genes that were upregulated, 141 
genes intersected with the 1,046 increased peaks (Figure 18A). We performed GO analysis on the genes 
shared between both datasets and found that 9 of the top 10 GO terms were related to synaptic vesicle 
dynamics and release (Figure 18B), suggesting that OPCs may exhibit increased exocytosis in response 
to hyperexcitable environments. Of the 4,355 downregulated genes, 29 genes intersected with the 155 
decreased peaks (Figure 18C). Of interest is Jmjd1c, the gene that encodes a histone demethylase that also 
functions as a co-activator for transcription factors (Chen et al., 2015). Taken together, these data suggest 











The Scn1afl/+ mouse model of DS has interneurons with impaired firing properties resulting in disinhibition 
of the excitatory network. In this study, we show that the hyperexcitability exhibited by Scn1afl/+ mutants 
led to an increased density in OPCs in both the cortex and corpus callosum. Furthermore, we show that 
OPCs exhibited more accessible chromatin around the promoters of genes involved in neuron development, 
whereas genes that become less accessible were related to metabolic processes. Lastly, integration of 
chromatin and transcriptome data revealed that upregulated genes shared between the two datasets were 
heavily involved in regulation of synaptic vesicles and exocytosis. 
 
Previous studies have shown that OPCs dynamically respond to changes in the environment, including 
seizures (Luo et al., 2015). We found increased proliferation of OPCs in Scn1afl/+ mutants compared to 
control, but the difference was not significant. Similar to how the proliferation rate of OPCs differ between 
gray and white matter, OPCs in different regions of the cortex such as the somatosensory cortex and motor 
cortex may also exhibit different rates of proliferation, influenced by connectivity of surrounding cells. It 
is possible that if the quantifications were to be broken down by cortical region, more robust differences 
may emerge. Furthermore, OPCs exhibit peak proliferation at P4-P7 (Kucharova et al., 2010), so EDU 
injection at P15 only captures the tail-end of proliferation. Examination of OPC proliferation at an earlier 
time point such as P7-P10 may illuminate greater differences. We found an increase in the density of OPCs 
in the cortex of Scn1afl/+ mutants compared to control. It is unclear whether this difference is due to 
decreased oligodendrocyte differentiation or defects in cell turnover. Quantification of CC1+ 
oligodendrocytes in the cortex and corpus callosum and cell death assays would address this question. 
 
Sequencing of accessible regions of the genome in Scn1afl/+ mutants and control mice revealed an 
increase in accessibility at the promoters of genes associated with neuron generation and development. It 





shared with OPCs. Though unlikely, one cannot eliminate the possibility that a prolonged hyperexcitable 
environment alters the chromatin environment in OPCs to make neuronal genes “poised” and ready to 
respond to additional intrinsic or extrinsic factors, such as misexpression of neuronal transcription factors 
for reprogramming. Some other GO terms that were associated with gained open chromatin regions were 
related to cell morphology, indicating OPCs might become “activated” upon increased excitation. 
Furthermore, among the top 10 GO terms for gained open regions were genes involved in cell signaling, 
consistent with previous reports on neuronal activity-induced chromatin changes in neurons of the 
hippocampus (Su et al., 2017), which suggests this is not a response unique to OPCs. 
 
A previous study showed neuronal signaling onto oligodendrocytes caused exocytosis of myelin proteins 
(Trajkovic et al., 2006). It is unclear whether OPCs also undergo activity-dependent exocytosis, but GO 
analysis of genes upregulated in both our ATAC-seq and RNA-seq datasets revealed genes involved in 
synaptic vesicles and exocytosis, suggesting that hyperexcitation of neurons may cause OPCs to release 
synaptic vesicles or at the very least increase transcription of vesicle-associated genes. Overall, there was 
little correlation between our ATAC- and RNA-seq data, likely due to the fact that none of the genes in 
the RNA-seq data were significantly differentially expressed. However, changes to the chromatin 
landscape does not necessarily translate into altered gene transcription. The majority of changes in 
chromatin accessibility occurred within intronic and intergenic regions, suggesting that hyperexcitation 
may result in remodeling of chromatin at intragenic or intergenic enhancers without directly affecting 
gene transcription. Furthermore, Scn1afl/+ mutants do not exhibit seizures until ~24 hours before premature 
death. It is highly likely that the mice used for this study experienced hyperexcitability but were not yet 
seizing by P15. Induction of seizures through high temperatures such as a heat lamp prior to sacrifice may 
lead to more robust changes in both the chromatin and gene expression. 
 
Overall, this is the first study to examine changes to chromatin accessibility in OPCs in response to 





OPCs in mouse models of DS or other epileptic disorders can illuminate approaches for making OPCs more 






Figure 16. OPC proliferation and density in response to hyper excitability. 
Bar graphs depicting the density of Pdgfrα+ EDU+ cells (A) or total Pdgfrα+ cells (B)(y-axis) in the 
cortex or corpus callosum (x-axis) of Scn1a+/+ (unfilled black bars) and Scn1afl/+ (gray striped bars). 
Individual data points are represented as dots or squares, bars represent the mean, and error bars are 
standard deviation. 4. Differences between Scn1a+/+ and Scn1afl/+ cortex or corpus callosum were not 











Figure 17. GO analysis of ATAC-seq peaks present at genes. 
 
The top 10 most significant gene ontology (GO) terms associated with significantly increased (A) or 
decreased (B) peaks which includes peaks at all genomic features, or GO terms associated with increased 
(C) or decreased (D) peaks present only at gene promoters. GO terms are graphed based on order of 
significance. X-axes represent the number of genes matched to each GO term. Legends show the p-value 







Figure 18. Intersection of differentially expressed genes in ATAC-seq and RNA-seq. 
(A) Venn diagram depicting the degree of overlap between the two sequencing datasets for upregulated 
genes. (B). The top 10 most significant GO terms associated with the genes shared by both datasets, 
graphed in order of significance. X-axes represent the number of genes matched to each GO term. Legends 
show the p-value of each GO term, with red and blue representing a gradient of high to low significance, 





Chapter 5. Conclusions and future directions 
In Chapter 2, it was shown that Dlx2-mediated conversion of OPCs into immature neurons was achieved 
as early as 2 dpt with downregulation of oligodendrocyte lineage specific markers. Transcriptomic 
analysis during the window of fate switch revealed upregulation of inhibitory, but not excitatory neuronal 
genes. This is the first transcriptional profile for neuronal reprogramming in OPCs. Moreover, it provided 
evidence that Dlx2 alone is sufficient to activate expression of GABAergic inhibitory genes. Unlike other 
inhibitory neuronal transcription factors, Dlx2 has been shown to repress Olig2 expression (Petryniak et 
al., 2007). Olig2 is the first gene to be expressed in the oligodendrocyte lineage and subsequently activates 
expression of Sox10, marking the commitment to an oligodendrocyte lineage fate (Kuspert et al., 2011). 
Consequently, the downregulation of Olig2 is a critical component of fate conversion in OPCs. Ascl1 is 
commonly used in conjunction with Dlx2 for reprogramming into inhibitory neurons such as for 
fibroblasts. However, Ascl1 has been shown to increase Olig2 expression and consequently may not be 
suitable for reprogramming from OPCs (Parras et al., 2007). The RNA-seq data revealed significant 
upregulation of two lncRNAs in the Dlx family, Dlx1as and Dlx6os. Elucidation of the roles these two 
lncRNAs play in neuronal reprogramming from OPCs would provide mechanistic insight and potentially 
lead to refinement of a more efficient reprogramming model. Lastly, while a transcriptomic profile at 2 
dpt provided a snapshot of the genes regulated by Dlx2, RNA-seq performed at timepoint where OPC-
derived neurons are differentiated and mature, such as 14 dpt would facilitate the identification of 
interneuron subtypes and allow for a comparison of the transcriptome of respective subtypes, to examine 
the degree of similarity. 
  
The OPC-derived neurons in Chapter 2 were GABAergic as indicated by expression of Gad67 and formed 
morphological synapses with co-localization of presynaptic protein Gephyrin and postsynaptic protein 
VGAT adjacent to Map2+ processes. Furthermore, at 14 dpt, OPC-derived neurons exhibited a range of 





state from immature to mature functional electrophysiological properties. However, it is unclear whether 
OPC-derived neurons form functional synapses capable of neurotransmission. It will be important to 
determine if OPC-derived neurons can provide the necessary inhibition in a neural circuit. Due to the 
viability of OPC-derived neurons, electrophysiological recordings from long-term cultures were difficult 
to perform. Optimization of culturing conditions to allow for recordings at a later time point such as 21 
dpt might show a greater proportion of OPC-derived neurons with mature electrophysiological 
characteristics. For example, addition of glutamate to the culture media or co-culturing with hippocampal 
neurons may increase viability and the maturation of OPC-derived inhibitory neurons. Additionally, Dlx2 
expression remains elevated at 14 dpt, whereas during normal embryonic development of interneurons, 
Dlx2 is repressed as the immature neurons migrate from the SVZ to the mantel zone to fully differentiate 
and mature. Consequently, it is possible that the sustained expression of Dlx2 is preventing full maturation 
of the reprogrammed interneurons. Utilization of a doxycycline-inducible expression vector system would 
allow for precise temporal control over the expression of Dlx2, where Dlx2 expression could be turned 
off after the first week post transfection. 
  
Transcript expression of interneuron genes specifically expressed in the PV and SST subtypes in Chapter 2 
did not provide a clear conclusion of the subtype generated from Dlx2-mediated OPC-derived inhibitory 
neurons. While the fast-spiking action potential pattern evoked from OPC-derived neurons in response to 
electrical stimulus was indicative of PV+ interneurons, the RT-qPCR data and literature suggests a more 
favorable generation of SST+ interneurons compared to PV+ interneurons, based on the sustained 
expression of Dlx1 and signification upregulation of Sst and Satb1 transcripts in OPC-derived inhibitory 
neurons. It is possible that Dlx2 overexpression in OPCs generates interneurons of a mixed subtype 
population, since during embryonic development, Dlx2 is initially expressed in both PV+ and SST+ 
interneurons. Fluorescence RNA in situ hybridization will illuminate whether expression of Sst and Pvalb 
are mutually exclusive in individual OPC-derived neurons, or if these neurons are acquiring a mixed 





transcription factors that promote a specific neurochemical subtype. For example, Satb1 could further push 
OPC-derived neurons towards a SST+ interneuron fate.  
 
One question that remains to be answered from the results of Chapter 2 are whether Dlx2 is sufficient to 
alter the chromatin structure in OPCs in order to facilitate reprogramming, or if drastic rearrangement is 
not needed since interneuron genes in OPCs already exist in a more accessible chromatin configuration 
as shown in Chapter 3. Examination of chromatin changes using ATAC-sequencing or identification of 
proteins that interact with Dlx2 during the window of fate switch would provide further mechanistic 
insight. One such candidate is chromodomain-helicase-DNA binding protein 3 (Chd3) which was 
significantly upregulated in Dlx2-transfected OPCs. Chds are the core ATPase subunits of the nucleosome 
remodeling and deacetylase (NuRD) complex (Tong et al., 1998; Xue et al., 1998; Zhang et al., 1998) and 
Chd3 has been implicated in cortical layer specification (Nitarska et al., 2016). Characterization of histone 
posttranslational modifications during neuronal reprogramming of OPCs would further facilitate the fate 
conversion. For example, the identification of critical inhibitory genes that remain repressed with 
H3K27me3 deposits in OPC-derived neurons could be rectified by addition of a demethylase enzyme 
highly expressed in neurons. Elucidation of key players of chromatin remodeling in OPC reprogramming 
could be applied to other cell types as well. 
 
While generation of an in vitro neuronal reprogramming system is useful for analysis of mechanisms 
underlying fate conversion, it is important to determine whether OPCs can be reprogrammed in vivo. 
Currently, in utero electroporation experiments are being performed using the Tol2 transposase system in 
NG2cre:Gad1GFP mice to determine whether Dlx2 is sufficient to generate GABAergic neurons from 
OPCs in vivo. This is currently being performed by Dr. William Wood. Electroporation of embryos are 
being done at E17.5, a time point at which there is transfection of OPCs, with very little neuronal labeling. 





and the helper transposase-expressing plasmid showed fewer mCherry+ cells in the Dlx2-transfected 
animals compared to control at P7, and nearly no mCherry+ cells in Dlx2-transfected animals at P14. This 
suggests that Dlx2-transfected cells are not surviving past P7, which could be interpreted in two ways: 1) 
The postnatal developing brain does not need additional inhibitory neurons, resulting in cell death. An 
injured environment may encourage the survival and reprogramming of these cells, as shown by Sox2- 
mediated conversion of OPCs into neurons in the injured but not normal cortex (Heinrich et al., 2014). 2) 
Dlx2 is not sufficient to fully reprogram OPCs but rather takes them to an intermediary state that is not 
stable, resulting in apoptosis. 
  
In Chapter 3, I showed how the chromatin architecture in OPCs can influence gene expression and neuronal 
reprogramming. OPCs share a close lineal relationship with cortical GABAergic inhibitory neurons that 
arise from Dlx2-expressing neural progenitors of the medial ganglionic eminence (Kessaris et al., 2006; 
Wonders and Anderson, 2006). Consequently, we sought to determine whether interneuron genes in OPCs 
exist in a more open chromatin configuration compared to other cell types often used as the starting 
population in neuronal reprogramming, namely astrocytes and fibroblasts. This is the first bioinformatic 
analysis to compare histone posttranslational modifications of neuronal genes across different cell types. It 
was revealed that interneuron genes in OPCs have a characteristic histone PTM signature, which consisted 
of an enrichment of active histone marks and a paucity of bivalent and repressive modifications, particularly 
H3K27me3, compared with astrocytes and fibroblasts. Furthermore, the histone PTM signature was highly 
correlated with transcript levels in both OPCs and astrocytes, and that interneuron genes were expressed at 
higher levels in OPCs compared to astrocytes. On the other hand, MEFs had a greater enrichment of active 
histone marks at their interneuron genes compared OPCs, suggesting that age significantly influences the 
accessibility of chromatin. An unexpected observation was the large number of interneuron genes in OPCs 
that lacked the four histone modifications examined, particularly the key interneuron transcription factors. 
Furthermore, these “no mark” genes had a moderately high level of expression. Additionally, ATAC-seq 





transcription factors in OPCs compared to that in astrocytes. Collectively, these observations indicate that 
interneuron genes with no histone marks at the promoter represent a specific functional state that can be 
considered a transcriptionally “poised” state, similar to bivalently or latently marked genes. This “poised” 
state at interneuron genes in OPCs may facilitate their conversion into interneurons by Dlx2. Furthermore, 
this could be a possible explanation as to why Dlx2 could not convert astrocytes into inhibitory neurons 
(Heinrich et al., 2010) as efficiently as in OPCs as shown in Chapter 2. One caveat with this analysis is the 
comparison of postnatal rodent OPCs to adult mouse and human astrocytes and fibroblasts. Bioinformatic 
analysis of histone modifications at interneuron genes in age and species matched samples would provide 
a more definitive characterization of the histone code in these cell types. A more comprehensive analysis 
that includes other histone modifications such as the active mark H3K4me2 that coordinates with mono and 
trimethylation of H3K4 as well as the more permanent repressive mark H3K9me3 would provide a more 
complete picture of the chromatin landscape in OPCs. Nonetheless, our findings suggest that OPCs have a 
unique histone code at their interneuron genes that may eliminate the need for removal of repressive 
modifications during their fate switch into inhibitory neurons. 
 
The generation of inhibitory neurons from OPCs has several implications for neurodegenerative diseases. 
In conditions where seizures are prevalent such as temporal lobe epilepsy (TLE), neural circuits are hyper-
excitable, and in mouse models of TLE, this results in neurodegeneration of GABAergic inhibitory 
neurons. To restore the excitation/inhibition ratio in TLE, inhibitory neurons derived from OPCs in vitro 
could be transplanted into the cortex and hippocampus. Whether transplanted OPC-derived neurons 
would survive and integrate into the local circuit needs to be determined, but a recent study that 
transplanted embryonic stem cell-derived GABAergic interneurons into the dentate gyrus of mice with 
pilocarpine-induced TLE found differentiation and functional incorporation of transplanted interneurons 
(Maisano et al., 2012). The advantage of OPCs over stem cells is that one could target endogenous OPCs 





which would use the host’s own cells to generate inhibitory neurons. In chapter 4, we explored this using 
a mouse model of dravet syndrome (DS) with a mutation in the sodium channel Nav1.1 in interneurons. 
We found an increase in OPC density in the cortex of mutant mice compared to control. There was a 
significant increase in peaks at the promoters of genes involved in neuron generation and development. 
It is possible that a hyperexcitable environment “primes” OPCs for external signals, such as misexpression 
of key neuronal transcription factors. Furthermore, the imbalance in the excitation/inhibition ratio 
observed in this mouse model of DS may facilitate the reprogramming of  OPCs into inhibitory neurons 
by creating an environment with a need for functional inhibition. Consequently, reprogrammed 
interneurons would be able to easily integrate into the local circuit. The ultimate goal of this project is to 
determine whether OPCs in a mouse model of DS could be reprogrammed into functional inhibitory 
neurons by Dlx2 and potentially prolong the premature death observed. 
 
In conclusion, this thesis provides evidence that highlights OPCs as a target for neuronal reprogramming 
for cellular based therapy, shows the conversion of OPCs into functional GABAergic inhibitory neurons 
through expression of a single transcription factor Dlx2, illuminates mechanistic insight during the 
window of fate switch, and characterizes the chromatin architecture of interneuron genes in OPCs and its 










Supplemental Figure 1. Distribution of ATAC-peaks within genomic features. 
(A) The proportion of peaks (y-axis) found within respective genomic features (x-axis) for control mice 
(black) and Scn1afl/+ mutants (gray). (B) The distribution (y-axis) of genomic annotations (x-axis) of 
significantly differentially expressed peaks (p<.05) that gained open regions (red) or closed regions (blue). 





Chapter 7. Supplementary Tables 
Supplementary Table 1. Primer sequences used for RT-qPCR of interneuron subtype genes and 













































































Supplementary Table 2. List of significantly differentially expressed genes in Dlx2-transfected 
NG2 cells (p-adj<0.01) ordered from highest to lowest p-adj value. Columns show gene name, 


















Dlx6os1 6.07 4.9E-41 6.7E-37 Ypel4 2.42 2.1E-05 8.0E-04 
Shtn1 5.93 2.6E-39 1.8E-35 Traf4 -1.34 2.2E-05 8.0E-04 
Col1a2 5.46 7.6E-29 3.5E-25 Dtx3l 1.74 2.2E-05 8.0E-04 
Dlx1 4.21 3.9E-27 1.3E-23 Lamb1 2.58 2.2E-05 8.3E-04 
Sp9 4.29 1.0E-26 2.7E-23 Negr1 1.54 2.4E-05 8.7E-04 
Kcnq3 4.83 1.8E-25 4.2E-22 Hdac6 1.56 2.4E-05 8.7E-04 
Arhgap29 4.04 1.8E-23 3.5E-20 Lin7a 2.00 2.4E-05 8.8E-04 
Fam65b 4.71 5.3E-23 9.0E-20 Epha6 2.81 2.4E-05 8.8E-04 
Bcl11b 3.10 1.0E-22 1.5E-19 Asf1b -2.19 2.4E-05 8.8E-04 
Gad1 4.29 1.2E-22 1.6E-19 C1qbp -1.33 2.4E-05 8.8E-04 
Pou3f1 -4.70 1.4E-22 1.7E-19 Ttn 2.44 2.4E-05 8.8E-04 
Nrip3 4.33 1.8E-22 2.1E-19 Kcnd2 -1.30 2.5E-05 8.9E-04 
Cspg4 -2.89 2.8E-22 2.8E-19 Shmt2 -1.61 2.5E-05 9.1E-04 
Rnd3 3.11 2.9E-22 2.8E-19 Ppme1 1.23 2.5E-05 9.1E-04 
Grin2a 5.26 6.0E-22 5.5E-19 Pmp22 -2.02 2.6E-05 9.2E-04 
Peg10 3.25 1.6E-21 1.4E-18 Pde5a 2.08 2.6E-05 9.3E-04 
Chrna4 -3.21 1.8E-21 1.4E-18 Hist2h3c2 -2.33 2.6E-05 9.4E-04 
Tenm1 5.03 1.8E-21 1.4E-18 Hist1h1a -1.86 2.7E-05 9.5E-04 
Ryr3 3.87 4.5E-20 3.2E-17 Rybp 1.59 2.7E-05 9.5E-04 
Gm5607 4.91 1.1E-19 7.6E-17 Amigo1 2.04 2.8E-05 1.0E-03 
Dcx 3.14 4.8E-19 3.1E-16 Ret 2.65 2.8E-05 1.0E-03 
Cntn1 -2.18 1.7E-18 1.1E-15 Grm1 2.83 2.8E-05 1.0E-03 
Tiam2 3.47 6.2E-18 3.7E-15 Capn1 2.52 2.9E-05 1.0E-03 
Olig1 -2.52 1.9E-17 1.1E-14 Ran -1.32 3.0E-05 1.0E-03 
Fstl5 3.97 3.3E-17 1.8E-14 Sh3pxd2a -1.29 3.0E-05 1.0E-03 
Neb 4.71 4.7E-17 2.5E-14 Cdc42ep1 -2.18 3.0E-05 1.0E-03 
Nrxn3 3.48 8.6E-17 4.4E-14 Spry4 -1.60 3.0E-05 1.1E-03 
Ccnd1 -3.12 1.0E-16 5.0E-14 Tnik -1.10 3.0E-05 1.1E-03 
Mmp15 -2.93 1.3E-16 6.0E-14 Fyn -1.24 3.1E-05 1.1E-03 
Xylt1 -2.29 1.5E-16 6.8E-14 Cep76 1.50 3.1E-05 1.1E-03 
Fbn2 -2.49 3.6E-16 1.6E-13 Ppp1r14b -1.34 3.2E-05 1.1E-03 





Arx 2.77 7.2E-16 3.0E-13 Tanc1 -1.16 3.4E-05 1.1E-03 
Chd3 2.41 7.6E-16 3.1E-13 Dhcr7 -1.78 3.4E-05 1.2E-03 
Pde1c 3.17 9.0E-16 3.5E-13 Zmiz1 -1.08 3.5E-05 1.2E-03 
Cd93 -4.92 1.2E-15 4.7E-13 Polr1b -1.74 3.5E-05 1.2E-03 
Drp2 2.95 1.3E-15 4.8E-13 Atp2b2 1.81 3.6E-05 1.2E-03 
Parm1 3.80 1.9E-15 6.9E-13 Noc2l -1.38 3.7E-05 1.2E-03 
Akap12 -2.60 3.0E-15 1.1E-12 Lyn -2.07 3.7E-05 1.3E-03 
Olig2 -2.44 2.6E-14 9.1E-12 Cyp51 -1.24 3.7E-05 1.3E-03 
Wdr47 2.30 3.1E-14 1.0E-11 Dmxl2 1.20 3.7E-05 1.3E-03 
Aim1 4.54 4.1E-14 1.3E-11 Samd5 2.42 3.7E-05 1.3E-03 
Nrp1 2.92 1.5E-13 4.7E-11 Steap2 1.94 3.8E-05 1.3E-03 
Tmem169 2.77 2.1E-13 6.4E-11 Trim17 2.63 3.8E-05 1.3E-03 
Sypl2 4.50 2.1E-13 6.4E-11 Nup210 -1.40 3.8E-05 1.3E-03 
Abca5 2.54 3.3E-13 1.0E-10 Lrrc7 1.67 3.9E-05 1.3E-03 
Dpy19l3 2.58 5.2E-13 1.5E-10 Mir124a-1hg 1.71 3.9E-05 1.3E-03 
Cbfa2t3 4.62 6.0E-13 1.7E-10 Dlx6os1 2.85 4.0E-05 1.3E-03 
Sytl4 4.19 6.9E-13 1.9E-10 Plcb4 1.57 4.1E-05 1.4E-03 
Slit1 3.15 7.9E-13 2.2E-10 Hepacam -1.45 4.2E-05 1.4E-03 
Cdh8 4.14 1.1E-12 3.1E-10 Fstl1 1.99 4.3E-05 1.4E-03 
Ankrd50 1.91 1.4E-12 3.7E-10 Gem 2.58 4.3E-05 1.4E-03 
Metrn -2.80 2.0E-12 5.1E-10 Stard4 -1.59 4.3E-05 1.4E-03 
Tubb3 2.64 2.3E-12 5.8E-10 Gse1 1.29 4.4E-05 1.4E-03 
Calb2 4.36 2.7E-12 6.8E-10 Rab3c 2.03 4.4E-05 1.4E-03 
Kif5c 2.18 3.3E-12 8.0E-10 Cwc22 -1.38 4.5E-05 1.5E-03 
Meg3 3.16 4.5E-12 1.1E-09 Hap1 1.23 4.5E-05 1.5E-03 
Gad2 4.55 5.1E-12 1.2E-09 H2afx -1.48 4.5E-05 1.5E-03 
Bcl11a 2.65 5.2E-12 1.2E-09 Tnfaip8 -2.73 4.6E-05 1.5E-03 
Kcnip3 -2.24 6.1E-12 1.4E-09 Xrcc2 -1.69 4.6E-05 1.5E-03 
Myt1l 3.70 1.0E-11 2.3E-09 Cacng4 -1.14 4.6E-05 1.5E-03 
Emp2 2.94 1.1E-11 2.5E-09 Slc7a5 -1.50 4.6E-05 1.5E-03 
Syt1 2.70 1.3E-11 2.7E-09 Neto1 -1.49 4.7E-05 1.5E-03 
Pde1a 3.68 1.3E-11 2.8E-09 Rarb 2.34 4.8E-05 1.5E-03 
Chrnb2 3.14 1.4E-11 3.0E-09 Ung -2.32 4.9E-05 1.5E-03 
Sez6 2.28 2.2E-11 4.7E-09 Adgrg1 -1.23 5.1E-05 1.6E-03 
Il1rap -1.99 2.4E-11 5.0E-09 Hdac11 1.94 5.1E-05 1.6E-03 
Cnr1 3.45 2.5E-11 5.1E-09 Bex2 -1.66 5.3E-05 1.7E-03 
Chst11 -2.13 3.5E-11 6.8E-09 Tfdp1 -1.20 5.3E-05 1.7E-03 
Hcn1 4.09 3.5E-11 6.8E-09 Pik3r1 -1.03 5.4E-05 1.7E-03 
Hmgcs1 -2.01 3.7E-11 7.2E-09 Tet2 1.39 5.4E-05 1.7E-03 
Grm8 3.79 5.5E-11 1.0E-08 Rasl11a -2.00 5.4E-05 1.7E-03 





Col18a1 -2.65 7.5E-11 1.4E-08 Hist1h3b -1.87 5.6E-05 1.7E-03 
Met 3.78 7.6E-11 1.4E-08 Itga3 2.49 5.7E-05 1.8E-03 
Pstpip2 -2.72 1.1E-10 2.0E-08 Tenm4 1.62 5.9E-05 1.8E-03 
Arid5b 2.11 1.2E-10 2.1E-08 Lama2 2.65 6.0E-05 1.8E-03 
Robo1 2.39 1.3E-10 2.3E-08 Usp29 1.58 6.0E-05 1.8E-03 
Prox1 2.10 1.4E-10 2.4E-08 Lonrf2 1.17 6.1E-05 1.9E-03 
Kif13a -1.83 1.5E-10 2.5E-08 Cat 1.24 6.2E-05 1.9E-03 
Bmp7 -2.20 1.6E-10 2.6E-08 Cgrrf1 1.80 6.2E-05 1.9E-03 
Mcc 2.76 1.7E-10 2.9E-08 Slc25a18 -1.68 6.2E-05 1.9E-03 
Moxd1 -2.35 1.8E-10 3.0E-08 Ampd3 -1.53 6.2E-05 1.9E-03 
Cntnap4 3.94 1.9E-10 3.1E-08 Mxd1 1.81 6.3E-05 1.9E-03 
Kif5a 2.15 2.1E-10 3.4E-08 Abca4 2.76 6.3E-05 1.9E-03 
Efnb2 1.98 2.2E-10 3.4E-08 Arl4d 2.65 6.3E-05 1.9E-03 
Rian 2.84 2.2E-10 3.4E-08 Sp8 2.58 6.3E-05 1.9E-03 
Lzts1 3.25 2.3E-10 3.6E-08 Tmem87a 1.24 6.4E-05 1.9E-03 
Ajap1 3.72 2.8E-10 4.3E-08 Nmnat2 -1.21 6.4E-05 1.9E-03 
Plppr3 2.76 4.2E-10 6.5E-08 Deb1 -2.10 6.4E-05 1.9E-03 
Lnx1 -2.22 4.9E-10 7.4E-08 Carmil1 1.64 6.5E-05 1.9E-03 
Plagl1 3.08 5.0E-10 7.5E-08 Ip6k2 1.34 6.5E-05 1.9E-03 
Etl4 3.27 5.1E-10 7.6E-08 Scarb1 -1.62 6.5E-05 1.9E-03 
Tmem130 3.98 5.2E-10 7.6E-08 Insig1 -1.29 6.8E-05 2.0E-03 
Rorb -1.98 6.0E-10 8.8E-08 Trim9 1.34 6.8E-05 2.0E-03 
Adam23 2.21 6.3E-10 9.0E-08 Bace2 2.49 6.8E-05 2.0E-03 
Pnlip -4.07 8.3E-10 1.2E-07 Acss2 -1.54 6.9E-05 2.0E-03 
Scrn1 1.77 9.5E-10 1.3E-07 Plxnc1 1.29 6.9E-05 2.0E-03 
Plcxd3 4.04 1.1E-09 1.6E-07 Acadl 1.07 7.1E-05 2.1E-03 
Ghitm 1.65 1.2E-09 1.7E-07 Ednrb -1.51 7.1E-05 2.1E-03 
Mthfd1l -2.53 1.3E-09 1.7E-07 Ank3 1.10 7.1E-05 2.1E-03 
Ccdc109b 3.55 1.5E-09 2.0E-07 Cnst 1.22 7.2E-05 2.1E-03 
Cd24a 1.53 2.1E-09 2.8E-07 Ier5l -2.00 7.2E-05 2.1E-03 
Lmo3 2.09 2.1E-09 2.8E-07 Ccdc141 -1.74 7.3E-05 2.1E-03 
Celf4 2.67 2.6E-09 3.4E-07 Hmgb2 -1.41 7.4E-05 2.1E-03 
Lss -2.14 3.5E-09 4.6E-07 Arhgap26 1.54 7.4E-05 2.1E-03 
Lysmd3 2.60 3.7E-09 4.7E-07 Esco1 1.73 7.4E-05 2.1E-03 
Lama4 -2.21 3.9E-09 4.9E-07 Pcsk2 2.00 7.4E-05 2.1E-03 
Pacsin1 3.11 3.9E-09 4.9E-07 Sox8 -1.43 7.5E-05 2.2E-03 
Cdh6 2.26 3.9E-09 4.9E-07 Ctnnd2 -1.14 7.5E-05 2.2E-03 
Cr2 3.91 4.0E-09 5.0E-07 Lmnb1 -1.12 7.6E-05 2.2E-03 
Slc2a3 2.25 4.8E-09 5.9E-07 Grwd1 -1.72 7.7E-05 2.2E-03 
Gatm -1.89 5.1E-09 6.1E-07 Setbp1 1.29 7.8E-05 2.2E-03 





Ryr1 3.26 5.3E-09 6.3E-07 Hist1h1d -1.59 8.2E-05 2.3E-03 
Zcchc24 -1.63 5.8E-09 6.8E-07 Lurap1l 2.39 8.2E-05 2.3E-03 
Fgd6 2.31 5.9E-09 6.9E-07 Cxxc4 1.47 8.3E-05 2.3E-03 
Trp53bp2 1.66 6.3E-09 7.3E-07 Baz2b 1.38 8.9E-05 2.5E-03 
Lmo4 1.53 6.4E-09 7.4E-07 Mmp16 -1.33 9.0E-05 2.5E-03 
Nol4 1.89 6.4E-09 7.4E-07 Iffo2 -1.56 9.0E-05 2.5E-03 
St8sia5 3.50 6.9E-09 7.9E-07 Pknox2 -1.25 9.1E-05 2.6E-03 
Tubb6 -1.80 7.2E-09 8.0E-07 Ncapd2 -1.03 9.2E-05 2.6E-03 
Arl4c 1.99 7.2E-09 8.0E-07 Zim1 2.20 9.3E-05 2.6E-03 
Celsr3 2.09 7.2E-09 8.0E-07 Psat1 -1.36 9.3E-05 2.6E-03 
Itga8 -2.67 7.5E-09 8.3E-07 Arpc1b -1.71 9.4E-05 2.6E-03 
Pcdh19 2.38 8.8E-09 9.6E-07 Vps13a 1.56 9.4E-05 2.6E-03 
Gsx1 -2.90 9.7E-09 1.1E-06 Cacna2d3 2.03 9.4E-05 2.6E-03 
Ckb -1.74 1.2E-08 1.3E-06 Alk 2.52 9.4E-05 2.6E-03 
Epn2 -1.69 1.3E-08 1.4E-06 Prrx1 -2.06 9.4E-05 2.6E-03 
Sdcbp 1.45 1.3E-08 1.4E-06 Itm2a 2.30 9.5E-05 2.6E-03 
B3gat2 -2.25 1.4E-08 1.4E-06 Rflnb -2.46 9.6E-05 2.6E-03 
Dusp4 2.37 1.4E-08 1.4E-06 Pdcd4 1.67 9.6E-05 2.6E-03 
Sgtb 1.83 1.4E-08 1.5E-06 Stk38l 1.73 9.6E-05 2.6E-03 
Gm44094 3.82 1.5E-08 1.5E-06 Smagp 2.70 9.7E-05 2.6E-03 
Cspg5 -1.92 1.6E-08 1.6E-06 Acadsb 1.32 9.8E-05 2.7E-03 
Nkd1 -2.52 1.7E-08 1.7E-06 D030055H07Rik 2.57 9.8E-05 2.7E-03 
Pth2r 3.72 1.7E-08 1.7E-06 Nolc1 -1.16 9.9E-05 2.7E-03 
Slit3 3.76 2.0E-08 2.0E-06 Slc38a3 -2.50 1.0E-04 2.7E-03 
Slc25a5 -1.77 2.0E-08 2.0E-06 Cdc45 -1.50 1.0E-04 2.7E-03 
Dio2 3.19 2.0E-08 2.0E-06 Tdrd7 -1.07 1.0E-04 2.7E-03 
Lgi1 3.48 2.2E-08 2.2E-06 Rab30 1.90 9.9E-05 2.7E-03 
Dpysl5 2.12 2.3E-08 2.2E-06 Midn -1.23 1.0E-04 2.7E-03 
Hmga1 -2.44 2.5E-08 2.4E-06 Fabp7 -1.54 1.0E-04 2.7E-03 
Rap2b -1.60 2.8E-08 2.7E-06 Brsk1 1.17 1.0E-04 2.7E-03 
Spry1 -2.45 2.9E-08 2.7E-06 Piezo1 -1.61 1.0E-04 2.7E-03 
Slc39a6 1.51 3.0E-08 2.9E-06 Olfm2 -1.70 1.0E-04 2.7E-03 
Phlda1 -1.99 3.1E-08 2.9E-06 Lrrn3 1.45 1.0E-04 2.7E-03 
Vim -1.30 3.3E-08 3.1E-06 Zfp874b 2.55 1.1E-04 2.9E-03 
Sphkap 3.26 3.6E-08 3.3E-06 Alyref -1.33 1.1E-04 2.9E-03 
Smoc1 -1.59 4.0E-08 3.7E-06 Sgk3 1.53 1.1E-04 2.9E-03 
Nova1 -1.62 4.8E-08 4.4E-06 Otoa 2.50 1.1E-04 2.9E-03 
Slc22a23 -1.60 5.2E-08 4.7E-06 Gm3608 1.75 1.1E-04 3.0E-03 
Dscam -1.40 5.2E-08 4.7E-06 Clic5 -2.56 1.2E-04 3.0E-03 
Syt10 3.58 5.5E-08 4.9E-06 Hsph1 0.98 1.2E-04 3.1E-03 





9430076C15Rik -2.04 6.7E-08 5.9E-06 Ntsr2 -2.67 1.2E-04 3.2E-03 
Serpini1 2.54 6.9E-08 6.0E-06 Gabra4 2.13 1.2E-04 3.2E-03 
Gnas 1.24 7.1E-08 6.2E-06 Ptprz1 -1.17 1.2E-04 3.2E-03 
Tmtc4 2.53 7.3E-08 6.3E-06 Shb 1.84 1.3E-04 3.3E-03 
Trib2 -1.62 7.4E-08 6.4E-06 Kdm7a 1.25 1.3E-04 3.4E-03 
Igfbp3 -1.96 8.8E-08 7.5E-06 Cpeb2 1.36 1.3E-04 3.4E-03 
Hspa4l 1.65 9.7E-08 8.2E-06 Omg -1.98 1.3E-04 3.4E-03 
Nsdhl -1.95 1.0E-07 8.5E-06 Adamts3 -1.99 1.3E-04 3.4E-03 
Rfx4 -1.77 1.0E-07 8.5E-06 Lrrc1 1.57 1.3E-04 3.4E-03 
Gal 3.59 1.1E-07 8.8E-06 Klhl24 1.65 1.3E-04 3.4E-03 
Hist1h2bk -2.60 1.1E-07 8.9E-06 Mpped2 1.44 1.3E-04 3.4E-03 
Sel1l3 2.41 1.1E-07 9.2E-06 Fgd4 1.86 1.3E-04 3.4E-03 
Plppr4 2.83 1.2E-07 9.9E-06 Amot 1.39 1.3E-04 3.4E-03 
Wscd1 -1.55 1.5E-07 1.2E-05 Eml2 2.14 1.4E-04 3.5E-03 
Map1b 1.53 1.5E-07 1.2E-05 Elovl6 -1.28 1.4E-04 3.5E-03 
Zfp536 2.02 1.6E-07 1.3E-05 Rnf152 2.12 1.4E-04 3.5E-03 
Pbx1 1.53 1.6E-07 1.3E-05 Prr18 -1.74 1.4E-04 3.6E-03 
Tacc2 -1.37 1.6E-07 1.3E-05 Fam212b -1.14 1.4E-04 3.6E-03 
Hist1h2bh -2.79 1.7E-07 1.3E-05 Sstr1 -2.56 1.4E-04 3.6E-03 
Peg12 -2.20 1.7E-07 1.4E-05 Arc -2.20 1.4E-04 3.6E-03 
Epha4 2.23 1.9E-07 1.5E-05 Fam13b 1.38 1.4E-04 3.6E-03 
Gng12 -1.65 2.1E-07 1.6E-05 Pa2g4 -1.08 1.4E-04 3.6E-03 
B3galnt2 2.14 2.1E-07 1.6E-05 Fgf1 -2.64 1.5E-04 3.7E-03 
Mturn 2.58 2.1E-07 1.6E-05 Dctd -2.47 1.5E-04 3.7E-03 
Dlg2 2.80 2.2E-07 1.7E-05 Dbn1 1.18 1.5E-04 3.7E-03 
Gm37899 3.13 2.4E-07 1.8E-05 Chodl 2.53 1.5E-04 3.7E-03 
Stk39 -1.71 2.7E-07 2.0E-05 Rusc1 2.19 1.5E-04 3.7E-03 
Nes -1.55 2.7E-07 2.0E-05 Depdc1b -1.68 1.5E-04 3.8E-03 
Frat2 2.55 2.7E-07 2.0E-05 Edrf1 1.28 1.5E-04 3.8E-03 
Spock1 2.68 2.7E-07 2.0E-05 Nedd4l 1.56 1.5E-04 3.8E-03 
Edar 3.50 2.7E-07 2.0E-05 Ddah1 -0.97 1.5E-04 3.8E-03 
Acsbg1 -2.27 2.8E-07 2.0E-05 Dll1 -1.19 1.6E-04 3.9E-03 
Sdc3 -1.35 2.9E-07 2.1E-05 Fnip1 1.30 1.6E-04 4.0E-03 
Ntm 1.70 2.9E-07 2.1E-05 Col5a3 -2.60 1.6E-04 4.0E-03 
Kitl 2.42 2.9E-07 2.1E-05 Lsr 2.61 1.6E-04 4.0E-03 
Stk32c 2.62 2.9E-07 2.1E-05 Txn1 -1.72 1.6E-04 4.0E-03 
Asb4 3.01 3.0E-07 2.2E-05 Vax1 2.56 1.7E-04 4.0E-03 
Dlx6os2 3.48 3.1E-07 2.2E-05 Ppp1r16b -1.31 1.7E-04 4.0E-03 
AW551984 2.40 3.2E-07 2.3E-05 Mprip 1.02 1.7E-04 4.1E-03 
Pip5k1b 2.49 3.3E-07 2.3E-05 Hltf 1.53 1.7E-04 4.1E-03 





Hip1 -1.38 3.5E-07 2.5E-05 Zfp618 1.62 1.7E-04 4.1E-03 
Ankrd12 2.10 3.6E-07 2.5E-05 9330159F19Rik 1.26 1.7E-04 4.1E-03 
Gas6 -2.17 3.9E-07 2.7E-05 Rtkn -1.38 1.7E-04 4.1E-03 
Adora1 -2.32 4.0E-07 2.7E-05 Adamts9 -1.44 1.7E-04 4.1E-03 
Tmtc1 2.73 4.1E-07 2.8E-05 Slc44a5 1.69 1.7E-04 4.1E-03 
Wscd2 3.05 4.6E-07 3.1E-05 Pcna-ps2 -2.21 1.7E-04 4.1E-03 
Ptprr 2.69 4.8E-07 3.3E-05 Sacm1l 1.32 1.7E-04 4.1E-03 
Nbea 1.46 4.8E-07 3.3E-05 Arhgap31 -1.06 1.7E-04 4.1E-03 
Jam3 -1.57 4.9E-07 3.3E-05 Foxp1 1.73 1.7E-04 4.1E-03 
Nedd9 2.18 5.1E-07 3.4E-05 Hnrnpab -1.02 1.7E-04 4.2E-03 
Ppp1r15a 1.67 5.1E-07 3.4E-05 Gprasp1 1.01 1.8E-04 4.2E-03 
Pdgfra -1.17 5.3E-07 3.5E-05 Suco 1.33 1.8E-04 4.2E-03 
D430019H16Rik 1.70 5.5E-07 3.6E-05 Enox1 1.50 1.8E-04 4.2E-03 
Gabrb2 2.70 5.5E-07 3.6E-05 Dnajc21 1.64 1.8E-04 4.2E-03 
Sall3 -1.50 5.9E-07 3.8E-05 Grin2b 2.04 1.8E-04 4.2E-03 
Gm45053 3.08 6.5E-07 4.2E-05 Chst3 -1.75 1.8E-04 4.3E-03 
Jak2 1.47 6.6E-07 4.3E-05 Prokr2 2.55 1.8E-04 4.3E-03 
Cntn2 2.70 6.8E-07 4.4E-05 Sema5a 1.56 1.8E-04 4.3E-03 
Scd1 -1.36 7.0E-07 4.5E-05 C1qtnf1 2.59 1.9E-04 4.4E-03 
Cdca7 1.49 7.2E-07 4.6E-05 Ina 1.29 1.9E-04 4.4E-03 
Gng2 1.62 7.2E-07 4.6E-05 Tmeff1 1.51 1.9E-04 4.4E-03 
Eps8 -1.58 7.3E-07 4.6E-05 Akap6 1.43 1.9E-04 4.5E-03 
Gm2115 -2.79 7.6E-07 4.7E-05 Mfsd2a -1.60 1.9E-04 4.5E-03 
Tpm1 -1.37 7.5E-07 4.7E-05 A330076H08Rik 2.17 1.9E-04 4.5E-03 
Ldlr -2.04 8.2E-07 5.1E-05 Rsrp1 1.24 2.0E-04 4.6E-03 
Tril -1.63 8.2E-07 5.1E-05 Mapk10 1.26 2.0E-04 4.6E-03 
Ncald -1.35 8.9E-07 5.5E-05 Rgs2 1.48 2.0E-04 4.6E-03 
Msmo1 -1.94 9.1E-07 5.6E-05 Anxa7 2.05 2.0E-04 4.6E-03 
Filip1l 3.08 9.2E-07 5.6E-05 Ppfia2 1.84 2.0E-04 4.6E-03 
Ly6h 2.78 9.9E-07 6.0E-05 Mcam -1.53 2.0E-04 4.6E-03 
Rasa3 -1.41 1.0E-06 6.1E-05 Irgq 1.12 2.0E-04 4.6E-03 
Gpd1 1.76 1.0E-06 6.1E-05 Fam173a -1.63 2.0E-04 4.6E-03 
Hist1h1b -2.02 1.1E-06 6.3E-05 Gria1 2.17 2.0E-04 4.6E-03 
Shmt1 -1.79 1.1E-06 6.3E-05 Apc2 1.31 2.0E-04 4.6E-03 
Nup85 -1.51 1.1E-06 6.3E-05 Inpp4b -2.30 2.0E-04 4.6E-03 
Palmd 2.73 1.1E-06 6.6E-05 Cdh11 -1.42 2.0E-04 4.6E-03 
Gpc4 2.45 1.2E-06 6.9E-05 St13 0.91 2.0E-04 4.6E-03 
Maged2 1.74 1.3E-06 7.3E-05 Dnhd1 1.78 2.0E-04 4.6E-03 
Npy2r 3.33 1.2E-06 7.3E-05 Tspan12 -1.25 2.1E-04 4.7E-03 
Pbx3 1.75 1.3E-06 7.5E-05 Sox3 1.39 2.1E-04 4.8E-03 





Pcdh15 -1.54 1.4E-06 8.2E-05 Zcchc18 1.43 2.1E-04 4.8E-03 
Htr3a 2.86 1.4E-06 8.2E-05 Gm42995 2.52 2.1E-04 4.8E-03 
Aif1l -1.54 1.4E-06 8.2E-05 Ephx1 -1.43 2.2E-04 4.9E-03 
Scrt2 3.25 1.4E-06 8.2E-05 Tapbp 1.79 2.2E-04 4.9E-03 
Syt7 -2.38 1.5E-06 8.3E-05 Qk -1.09 2.2E-04 4.9E-03 
Zfp811 2.24 1.5E-06 8.3E-05 Mllt11 1.24 2.2E-04 4.9E-03 
Lhfpl3 -1.59 1.5E-06 8.3E-05 Tpp2 1.26 2.2E-04 4.9E-03 
Rxrg 3.03 1.5E-06 8.6E-05 Wnt5a 1.86 2.2E-04 4.9E-03 
Gnao1 1.39 1.6E-06 9.0E-05 Nt5e -2.19 2.2E-04 5.0E-03 
Mtss1l -1.21 1.7E-06 9.2E-05 Sp4 1.50 2.2E-04 5.0E-03 
Yap1 1.95 1.7E-06 9.2E-05 Tkt -1.15 2.2E-04 5.0E-03 
Nynrin 1.91 1.7E-06 9.5E-05 Stk32b 2.41 2.3E-04 5.1E-03 
Ppm1e 1.67 1.8E-06 9.6E-05 Lig1 -1.17 2.3E-04 5.1E-03 
Syt4 2.26 1.8E-06 9.9E-05 Rgag4 1.52 2.3E-04 5.1E-03 
Eif2ak2 2.10 1.9E-06 1.0E-04 Rab31 -0.98 2.3E-04 5.1E-03 
Fgd5 2.96 2.0E-06 1.1E-04 Atp7a 1.57 2.3E-04 5.1E-03 
Ckmt1 -2.10 2.1E-06 1.1E-04 St6gal1 1.51 2.4E-04 5.3E-03 
Col19a1 -2.91 2.2E-06 1.2E-04 Ryr2 1.74 2.4E-04 5.3E-03 
Robo2 1.93 2.4E-06 1.3E-04 St8sia2 2.19 2.4E-04 5.3E-03 
Plxna4 1.93 2.5E-06 1.3E-04 Sppl2b -1.45 2.5E-04 5.5E-03 
Megf11 -2.21 2.5E-06 1.3E-04 Jup 2.01 2.5E-04 5.5E-03 
Abcd2 2.50 2.5E-06 1.3E-04 Chaf1a -1.22 2.5E-04 5.5E-03 
Hook1 1.81 2.6E-06 1.4E-04 Spats2l 1.21 2.5E-04 5.5E-03 
Bend7 1.97 2.7E-06 1.4E-04 Slc37a1 2.44 2.5E-04 5.5E-03 
Camk2b -1.54 2.8E-06 1.4E-04 Hist1h2af -1.66 2.6E-04 5.6E-03 
Eno2 2.18 2.8E-06 1.5E-04 Strip2 1.97 2.6E-04 5.7E-03 
Ppp1r14c -1.81 2.9E-06 1.5E-04 Nlgn3 -1.12 2.6E-04 5.7E-03 
Chst7 -3.13 2.9E-06 1.5E-04 Hist1h3i -1.86 2.6E-04 5.7E-03 
Gm12892 -2.04 3.0E-06 1.5E-04 Hist1h3i -1.86 2.6E-04 5.7E-03 
Lgals8 1.82 3.0E-06 1.5E-04 Hist1h2bq -1.93 2.7E-04 5.8E-03 
Scml4 -2.62 3.0E-06 1.5E-04 Ripk1 1.55 2.8E-04 5.9E-03 
Wwc1 -1.62 3.3E-06 1.7E-04 Glud1 1.08 2.8E-04 5.9E-03 
Tcf24 3.19 3.4E-06 1.7E-04 Hist1h2ak -1.66 2.8E-04 6.0E-03 
Serpine2 -1.24 3.4E-06 1.7E-04 Anp32e -1.08 2.8E-04 6.0E-03 
Dhcr24 -1.54 3.4E-06 1.7E-04 Reep3 -1.15 2.8E-04 6.0E-03 
Tagln2 -1.70 3.5E-06 1.7E-04 Zeb1 -1.13 2.8E-04 6.0E-03 
Slc32a1 3.19 3.5E-06 1.8E-04 Asxl3 1.63 2.8E-04 6.0E-03 
Rnf26 -1.95 3.9E-06 2.0E-04 Rgmb 1.55 2.8E-04 6.1E-03 
3110035E14Rik -1.69 4.0E-06 2.0E-04 Dlx2 2.53 2.9E-04 6.1E-03 
Rlbp1 -1.90 4.0E-06 2.0E-04 Kifc3 -1.82 2.9E-04 6.1E-03 





Plekhb1 -2.04 4.3E-06 2.1E-04 Map3k1 -1.13 2.9E-04 6.2E-03 
Peg3 1.52 4.3E-06 2.1E-04 Nfil3 1.67 3.0E-04 6.3E-03 
B3gat1 -1.38 4.5E-06 2.2E-04 Fam161b 2.05 3.0E-04 6.3E-03 
Gm14204 3.15 4.6E-06 2.2E-04 Rgs7 -1.30 3.0E-04 6.4E-03 
Dpysl3 1.19 4.6E-06 2.3E-04 Maml2 -1.16 3.1E-04 6.6E-03 
Nsg2 1.28 4.7E-06 2.3E-04 Dkc1 -1.40 3.1E-04 6.6E-03 
Plekhg1 2.19 4.8E-06 2.3E-04 Cep120 1.11 3.1E-04 6.6E-03 
Gas7 -1.87 4.9E-06 2.3E-04 Pax6 1.42 3.2E-04 6.6E-03 
Sapcd2 -1.81 4.9E-06 2.3E-04 Ccdc186 1.22 3.2E-04 6.7E-03 
Srrm4 2.43 5.0E-06 2.4E-04 Atp6ap2 1.37 3.2E-04 6.7E-03 
Kcnj6 3.04 5.1E-06 2.4E-04 Nhs 1.86 3.2E-04 6.7E-03 
Ppp1r13b 1.89 5.4E-06 2.5E-04 G630016G05Rik 2.04 3.2E-04 6.7E-03 
Lipg 2.96 5.4E-06 2.5E-04 Gpr83 2.50 3.3E-04 6.8E-03 
Pmm1 -1.70 5.6E-06 2.7E-04 Phlpp1 -1.07 3.3E-04 6.8E-03 
Hspg2 -1.90 5.7E-06 2.7E-04 Nnat 1.09 3.3E-04 6.8E-03 
Ttc28 1.29 5.7E-06 2.7E-04 Nefl 1.56 3.3E-04 6.8E-03 
Ndel1 1.43 5.8E-06 2.7E-04 Cdc123 -1.32 3.3E-04 6.8E-03 
Dach1 2.62 5.9E-06 2.7E-04 Gnai3 1.09 3.4E-04 6.9E-03 
Plcb1 1.64 6.1E-06 2.8E-04 Cd109 1.63 3.4E-04 6.9E-03 
Prr5l -2.12 6.4E-06 2.9E-04 Gpr158 2.30 3.4E-04 6.9E-03 
Tcerg1l 3.02 6.4E-06 2.9E-04 Ranbp1 -1.14 3.4E-04 7.1E-03 
Slc7a1 -1.65 6.5E-06 3.0E-04 Itsn2 1.30 3.5E-04 7.3E-03 
Polg -1.53 6.5E-06 3.0E-04 Spint2 2.25 3.5E-04 7.3E-03 
Unc5c -1.36 6.7E-06 3.0E-04 Cd1d1 1.90 3.5E-04 7.3E-03 
Edn3 3.10 6.7E-06 3.0E-04 Hist2h4 -1.55 3.6E-04 7.3E-03 
Cdca3 -1.73 6.9E-06 3.1E-04 Qrich2 2.40 3.7E-04 7.5E-03 
4-Mar 2.32 7.0E-06 3.2E-04 Xkr4 1.78 3.7E-04 7.5E-03 
Dlx1as 3.11 7.3E-06 3.3E-04 Tnfrsf19 -1.26 3.7E-04 7.5E-03 
Slc25a27 1.71 7.4E-06 3.3E-04 Zfp715 1.37 3.7E-04 7.5E-03 
Rufy3 1.19 7.5E-06 3.3E-04 Fam110b 1.88 3.7E-04 7.5E-03 
Lyst 1.41 7.7E-06 3.4E-04 Zfp57 1.37 3.7E-04 7.5E-03 
Efhd2 1.93 7.7E-06 3.4E-04 Tmem2 1.30 3.7E-04 7.5E-03 
Adamts5 2.26 7.7E-06 3.4E-04 Apba1 1.39 3.7E-04 7.5E-03 
Sqstm1 1.40 8.1E-06 3.6E-04 Zfp949 1.80 3.7E-04 7.5E-03 
Nrep 1.72 8.2E-06 3.6E-04 Firre 1.42 3.8E-04 7.7E-03 
Hist1h2bf -2.17 8.5E-06 3.7E-04 Pik3c2a 1.22 3.8E-04 7.7E-03 
Hist1h2bg -2.02 8.5E-06 3.7E-04 Ppm1l 1.13 3.8E-04 7.7E-03 
Rapgef5 2.00 8.6E-06 3.7E-04 Kidins220 0.99 3.9E-04 7.7E-03 
Gcc2 1.89 8.6E-06 3.7E-04 Rsrc2 1.02 3.9E-04 7.8E-03 
Dlgap2 1.88 9.2E-06 4.0E-04 Eif2s3y 1.64 3.9E-04 7.8E-03 





Wipf1 -1.61 9.6E-06 4.1E-04 Mef2a 1.37 4.0E-04 7.9E-03 
Dstn 1.15 9.6E-06 4.1E-04 Fnbp1l 1.14 4.0E-04 8.0E-03 
Tmem57 1.46 9.6E-06 4.1E-04 Cbarp 1.28 4.0E-04 8.0E-03 
Garem1 2.20 9.6E-06 4.1E-04 Grn 1.33 4.0E-04 8.0E-03 
Map3k2 1.49 9.7E-06 4.1E-04 Wdr12 -1.22 4.0E-04 8.0E-03 
Frmpd1 -1.89 9.8E-06 4.1E-04 Mcm4 -1.16 4.0E-04 8.0E-03 
Acat2 -1.76 9.8E-06 4.1E-04 Arfgef3 1.50 4.1E-04 8.1E-03 
Lats2 1.65 9.9E-06 4.2E-04 Pik3c3 1.13 4.1E-04 8.1E-03 
Grm5 -1.61 1.0E-05 4.3E-04 Aldoc -1.21 4.2E-04 8.3E-03 
Hs6st3 3.00 1.0E-05 4.4E-04 Hist1h3d -1.76 4.2E-04 8.3E-03 
Sorbs2 1.63 1.1E-05 4.4E-04 Chsy3 2.20 4.3E-04 8.5E-03 
Yes1 1.69 1.1E-05 4.4E-04 Gm26694 -2.43 4.3E-04 8.5E-03 
Specc1 -1.36 1.1E-05 4.5E-04 Pde11a 2.43 4.3E-04 8.5E-03 
Cdk5r1 1.51 1.1E-05 4.5E-04 Sox10 -1.57 4.3E-04 8.5E-03 
Anp32b -1.35 1.1E-05 4.6E-04 Fkbp14 1.74 4.3E-04 8.5E-03 
Igfbp2 -1.81 1.1E-05 4.6E-04 Baalc 2.43 4.3E-04 8.5E-03 
Myc -2.00 1.1E-05 4.7E-04 Tax1bp1 0.90 4.4E-04 8.5E-03 
Tgoln1 1.30 1.2E-05 4.7E-04 Ubxn6 1.24 4.4E-04 8.6E-03 
Tgoln1 1.30 1.2E-05 4.7E-04 Actb -1.06 4.4E-04 8.6E-03 
Epha3 2.75 1.2E-05 4.7E-04 Nav2 -0.91 4.5E-04 8.7E-03 
Cad -1.29 1.2E-05 4.8E-04 Nr4a1 -1.73 4.5E-04 8.7E-03 
Gm26945 2.78 1.2E-05 5.0E-04 Ncoa7 1.42 4.5E-04 8.7E-03 
Kcnj10 -1.53 1.2E-05 5.0E-04 Insm1 1.65 4.5E-04 8.8E-03 
Dll3 -1.69 1.2E-05 5.0E-04 Fads2 -1.11 4.6E-04 8.8E-03 
Dpp10 1.87 1.3E-05 5.1E-04 Adam12 -1.38 4.6E-04 8.8E-03 
Dnajb9 1.71 1.3E-05 5.3E-04 Zfp488 -1.64 4.6E-04 8.8E-03 
Kcnj16 -2.18 1.4E-05 5.6E-04 Lpin2 1.42 4.6E-04 8.8E-03 
Tgfa -1.63 1.4E-05 5.6E-04 Plk1 -1.33 4.6E-04 8.8E-03 
Eif5a -1.40 1.4E-05 5.6E-04 Prim2 -1.22 4.7E-04 9.0E-03 
Soga3 1.33 1.4E-05 5.6E-04 Rps11-ps1 2.22 4.7E-04 9.0E-03 
Eml5 1.89 1.4E-05 5.7E-04 Mcm5 -1.23 4.7E-04 9.0E-03 
Rb1cc1 1.54 1.5E-05 5.7E-04 Garem2 -1.07 4.8E-04 9.1E-03 
Gabrg2 2.99 1.5E-05 5.8E-04 Klf10 -1.13 4.8E-04 9.1E-03 
Jak1 1.17 1.5E-05 6.0E-04 Ptpdc1 1.33 4.8E-04 9.2E-03 
Ppfibp1 -1.30 1.5E-05 6.0E-04 Kdm3a 1.15 4.8E-04 9.2E-03 
Kcnn2 2.68 1.6E-05 6.2E-04 Mta3 1.39 4.9E-04 9.2E-03 
Coro2b 1.67 1.6E-05 6.3E-04 Epha7 2.05 4.9E-04 9.3E-03 
Phactr2 2.14 1.6E-05 6.4E-04 Selenoh -1.67 5.0E-04 9.5E-03 
Maml3 2.23 1.7E-05 6.5E-04 Mcf2l 1.47 5.0E-04 9.5E-03 
Abtb2 -1.52 1.8E-05 6.7E-04 Tmem200a 2.31 5.0E-04 9.5E-03 





Dlx5 2.74 1.8E-05 7.0E-04 Ppard -1.44 5.1E-04 9.6E-03 
Prkg2 -1.91 1.9E-05 7.4E-04 Ntng1 1.71 5.1E-04 9.6E-03 
Gab1 -1.22 1.9E-05 7.4E-04 Tmcc2 1.15 5.2E-04 9.7E-03 
Nyap1 2.42 2.0E-05 7.4E-04 Abca7 1.56 5.2E-04 9.7E-03 
Nrg1 1.91 2.0E-05 7.5E-04 Cyp39a1 1.95 5.2E-04 9.7E-03 
Syne2 1.30 2.0E-05 7.6E-04 Tle6 -1.89 5.2E-04 9.7E-03 
Myo3b 2.89 2.0E-05 7.6E-04 Csnk1g1 1.30 5.2E-04 9.8E-03 
Gm42843 2.49 2.1E-05 7.7E-04 Ern1 1.30 5.3E-04 9.8E-03 
Idi1 -1.54 2.1E-05 7.8E-04 AW047730 -1.73 5.3E-04 9.9E-03 












Supplementary Table 3. Expression levels of the interneuron genes expressed in OPCs and 
astrocytes and histone PTMs in OPCs. Histone PTM categories are color coded as follows: red, active 
marks; orange, latent mark: blue, repressive marks; green, bivalent marks; gray, no marks detected; 
and purple, genes not found in the ChIP-seq datasets. Specific histone PTMs are indicated in red font 
for active modifications and blue font for repressive modifications. 





Histone PTM state 
 at Promoter 
Histone PTM state 

































































Dpp6 75.69 No Marks H3K27ac  Rimklb 44.91 










H3K27ac + H3K27me3  
Arrb1 34.25 
E130309F12Rik 46.79 Not Found Not Found  Fosl2 34.10 
Arxes1 43.82 Not Found Not Found  Wdr6 33.46 





Plekhb2 40.08 H3K27ac H3K27ac  Cds2 31.29 






























No Marks  
Npas3 23.38 














No Marks  
Magi1 21.99 
Blcap 32.94 No Marks H3K27ac  Hmgb3 21.58 

















Stmn1 28.64 H3K4me3 H3K27ac  Fam20c 20.82 
Prmt2 28.51 H3K4me3 H3K27ac  Klf7 20.79 
Cxcr7 27.77 Not Found Not Found  Scamp1 20.16 



















No Marks  
Akap7 18.03 
Mgat5b 25.08 No Marks H3K27ac  Oxr1 17.85 
Cds2 24.98 H3K4me3 No Marks  Emx2 17.80 
Peg13 24.62 Not Found Not Found  Tmem65 17.05 
Kcnip1 24.38 No Marks Latent  Camk2d 16.58 
Pafah1b3 24.28 No Marks H3K27ac  Gli1 16.32 
Slc8a2 24.23 H3K27ac H3K27ac  Prmt2 16.18 









No Marks  
Ccdc136 15.31 
Kctd12 23.49 Not Found Not Found  Klhdc2 15.25 
Resp18 23.47 H3K27ac H3K27ac  Shisa9 15.12 
Sv2a 23.11 No Marks No Marks  Kctd6 15.12 
Lypd6 22.90 Not Found Not Found  Rhbdl1 15.06 
Crmp1 22.77 No Marks Repressive  Dcaf7 14.85 
Ndrg4 22.67 H3K4me3 No Marks  Arx 14.77 
Elmo1 22.46 No Marks H3K27ac  Cxx1c 14.47 











Samd14 21.77 No Marks Latent  Cd24a 13.76 
Pam 21.72 No Marks H3K27ac  Dpysl4 13.46 
Cdk5r1 21.64 No Marks No Marks  Plekhb2 13.36 
Hmgb3 21.63 H3K27ac H3K27ac  Mapk9 13.31 
Gnl1 21.55 H3K4me3 No Marks  Plxna3 13.11 
Cxcl12 21.02 No Marks H3K27ac  Slc39a6 12.97 
Ache 20.74 No Marks H3K27ac  Nomo1 12.78 
Acot7 19.92 No Marks H3K27ac  Sctr 12.71 
Magee1 19.88 No Marks No Marks  Hdac6 12.61 
Shd 19.73 No Marks No Marks  Trim62 12.52 
Kcnk2 19.63 No Marks Latent  Rgs16 12.46 
Nalcn 19.23 H3K27ac H3K27ac  Stmn1 12.13 
Nomo1 18.63 No Marks No Marks  Carhsp1 12.07 
Tmem65 18.49 No Marks Latent  Purb 11.84 






Mapk9 18.33 H3K27ac No Marks  Ppp1r2 11.60 






Meg3 18.07 Not Found Not Found  Evl 11.32 
Ece2 17.82 No Marks Latent  Cntnap2 11.31 
Hdac11 17.51 No Marks H3K27ac  Slc8a2 11.06 
Rimklb 17.02 Not Found Not Found  Satb1 10.65 
Btbd2 16.86 Not Found Not Found  Samd14 10.63 















Hdac6 16.36 Not Found Not Found  Grip1 10.10 
Vsnl1 16.22 No Marks Latent  Adar 10.06 
Arrb1 16.19 No Marks Latent  Fam63b 10.05 
Elovl4 16.17 No Marks Latent  Egln3 9.92 






Epb4.1l1 15.80 Not Found Not Found  Podxl2 9.68 
Faim2 15.69 H3K27ac Latent  Btbd2 9.66 






Tox3 15.39 No Marks H3K27ac + H3K27me3  Dlat 9.45 




H3K27ac + H3K27me3  
Shd 9.33 
Pitpnm1 15.21 No Marks No Marks  Prrt2 9.28 
Bcat1 14.96 H3K27ac H3K27ac  Armcx2 9.27 
Fam63b 14.96 Not Found Not Found  Sema4g 9.13 
Ankrd6 14.80 No Marks No Marks  Setd7 8.97 
Stk32a 14.74 H3K4me3 H3K27ac  Scn8a 8.95 
Trim62 14.66 Not Found Not Found  Cul7 8.63 
Impact 14.20 H3K27ac H3K27ac  Ets2 8.58 






















Tubb3 13.69 No Marks Latent  Abhd14b 8.11 
Nudt11 13.57 Not Found Not Found  Acot7 8.02 
Mafb 13.44 H3K27ac Latent  Gpr3 7.92 
Setd7 13.30 No Marks H3K27ac  Ssbp2 7.91 
Pdxk 13.27 No Marks Repressive  Mapk8 7.87 




No Marks  
Pou3f4 7.79 
Scn3b 12.84 No Marks No Marks  3110082D06Rik 7.77 






Grik1 12.70 No Marks H3K27ac  Mical2 7.62 





Fam20c 12.59 No Marks No Marks  Lama5 7.08 
Akap7 12.29 No Marks H3K27ac  Iglon5 7.02 
Pttg1 11.97 H3K27ac Repressive  Uchl1 7.02 
Sema4g 11.87 No Marks No Marks  Ppif 7.00 
Tac1 11.82 No Marks H3K27ac  Rgs4 6.96 
Elfn1 11.73 No Marks H3K27ac  Nrn1 6.82 
Sez6l2 11.69 Repressive H3K27ac  Pisd-ps1 6.80 
Cacng5 11.67 No Marks Latent  Lrp12 6.75 
Cib2 11.66 No Marks H3K27ac  Slc9a7 6.40 






Nrn1 11.56 No Marks Latent  Fam65b 6.29 
Zfp385a 11.55 No Marks Latent  Peg3 6.27 
Magi1 11.38 H3K4me3 H3K27ac  Hdgfrp3 6.22 
Dtna 11.33 Not Found Not Found  Angpt1 6.09 






Cul7 10.94 Not Found Not Found  Pitpnm1 5.98 
Limk1 10.87 H3K27ac Latent  Igsf3 5.98 
Kcnq2 10.85 No Marks No Marks  Scg2 5.96 












Gria1 10.36 No Marks H3K27ac  Ece2 5.76 




















No Marks  
Rpph1 5.38 
Stmn2 9.35 No Marks H3K27ac + H3K27me3  B4galt5 5.35 






Ina 9.11 No Marks H3K27ac  Obsl1 5.19 
Ets2 9.04 H3K4me3 Latent  Magee1 5.15 
Cck 8.84 No Marks Latent  Pdxk 5.11 






















Syt1 8.39 No Marks Latent  Tox3 4.93 
Lrp12 8.30 H3K4me3 Repressive  Agtpbp1 4.91 
Fstl5 8.13 No Marks H3K27ac + H3K27me3  Limk1 4.82 






Shank3 8.04 No Marks Latent  Napb 4.54 
Cacna2d3 8.02 No Marks H3K27ac  Racgap1 4.53 
Mapk8 7.78 H3K4me3 Latent  Tox2 4.51 
Kctd6 7.78 No Marks H3K27ac  Foxred2 4.44 






Armcx4 7.68 Not Found Not Found  Fgf11 4.40 
Slc1a6 7.59 No Marks No Marks  Gm5607 4.35 
Dkk3 7.47 No Marks Latent  Socs5 4.34 




H3K27ac + H3K27me3  
Etv1 4.26 
Sarm1 7.30 No Marks Repressive  Gatsl2 4.26 
Dact1 7.26 Not Found Not Found  6430573F11Rik 4.16 
Rgs4 7.20 H3K27ac H3K27ac  Optn 4.06 
Agtpbp1 7.20 No Marks Latent  Cck 4.04 
Arhgap24 7.10 No Marks H3K27ac  Epb4.1l1 4.03 






Ssbp2 6.88 Not Found Not Found  Lig1 3.81 
Afap1 6.82 No Marks H3K27ac + H3K27me3  Peg13 3.80 
D0H4S114 6.77 Not Found Not Found  BC005764 3.80 
Klhl32 6.62 Not Found Not Found  Snhg4 3.73 





















Trim67 5.93 H3K27ac No Marks  Plekha7 3.56 
Ppif 5.90 No Marks No Marks  Cacna2d1 3.51 
Dnajc27 5.88 H3K27ac Latent  Stmn2 3.49 
Obsl1 5.66 Not Found Not Found  Ttc39b 3.45 
Sema6c 5.61 No Marks No Marks  Gpr123 3.44 
Optn 5.60 No Marks No Marks  Meg3 3.42 
Kcnh2 5.54 No Marks No Marks  Klf5 3.39 
Celf4 5.46 H3K4me3 H3K27ac + H3K27me3  Mafb 3.38 
Gfpt2 5.43 No Marks Repressive  Zdbf2 3.35 
AI504432 5.42 Not Found Not Found  Pclo 3.32 
Rps6ka6 5.37 No Marks Repressive  Mia1 3.31 
Cd24a 5.34 Not Found Not Found  Kif5c 3.27 






Syt4 5.27 No Marks H3K27ac  Pafah2 3.08 




No Marks  
Lysmd4 3.06 
Myo16 5.12 No Marks H3K27ac  Bdnf 3.05 
Prrt2 5.12 No Marks H3K27ac  Zic5 3.00 
B4galt5 5.05 No Marks No Marks  Sntb1 2.99 
Klf7 5.02 No Marks H3K27ac + H3K27me3  Rgmb 2.98 
Scn8a 4.95 No Marks H3K27ac  Garnl3 2.97 
Scn1a 4.87 No Marks Latent  Syt4 2.94 
Rian 4.76 Not Found Not Found  Rps6ka6 2.90 
Foxred2 4.68 No Marks Latent  Snx16 2.90 
Col6a2 4.65 No Marks No Marks  Igsf10 2.89 
Nkrf 4.62 Not Found Not Found  Sv2a 2.81 






Ppm1h 4.38 No Marks H3K27ac + H3K27me3  Nkrf 2.77 
Samd10 4.29 H3K27ac No Marks  Rfx2 2.70 
2410066E13Rik 4.24 Not Found Not Found  Dpp6 2.68 
Bean1 4.24 Not Found Not Found  Sarm1 2.55 
Ubxn2a 4.18 No Marks Repressive  Eme2 2.51 
B630019K06Rik 4.17 Not Found Not Found  Vgf 2.51 
Kcnc1 4.13 No Marks H3K27ac  Gng2 2.50 
Cacna1h 4.10 No Marks Repressive  Nap1l3 2.45 
Parm1 4.03 No Marks Latent  Fam43a 2.44 
Rbp4 3.98 No Marks No Marks  Sfrp2 2.43 
Slc41a3 3.97 No Marks H3K27ac  Lypd6 2.41 








No Marks  
Mypop 2.40 
L1cam 3.94 No Marks No Marks  E230016M11Rik 2.36 






Pm20d2 3.80 No Marks No Marks  Chac1 2.20 
Vwc2 3.77 H3K27ac H3K27ac  Slc7a3 2.20 
Plxnd1 3.76 No Marks H3K27ac  Cacna2d2 2.17 
Nap1l3 3.76 H3K4me3 H3K27ac + H3K27me3  Dnajc12 2.16 
Cxcr4 3.74 H3K4me3 Latent  Myo16 2.15 
Sst 3.74 No Marks Latent  Man2a1 2.14 
Steap2 3.74 No Marks No Marks  Tubb3 2.10 
Ank1 3.69 No Marks Latent  Sst 2.10 
Gabrg2 3.68 No Marks H3K27ac  Npas4 2.04 
Pvrl4 3.67 Not Found Not Found  Kcnt1 1.99 
Ubash3b 3.66 No Marks H3K27ac + H3K27me3  Tpt1p 1.95 
Dusp4 3.63 H3K27ac Repressive  Nr2f2 1.93 
Lysmd4 3.62 Not Found Not Found  Tac1 1.93 
Sik1 3.61 No Marks No Marks  Plxnd1 1.86 






Napb 3.56 H3K4me3 No Marks  Kcnip1 1.77 
2610002M06Rik 3.53 Not Found Not Found  Tmem53 1.75 
Dhrs3 3.52 No Marks No Marks  Socs2 1.74 






Eme2 3.41 Not Found Not Found  Dact1 1.70 
6430573F11Rik 3.40 Not Found Not Found  Heatr8 1.65 
Pex5l 3.37 No Marks Latent  Cecr6 1.64 
Fosl2 3.32 No Marks Latent  Cdk5r1 1.63 
Diras1 3.32 No Marks No Marks  Sh3rf3 1.62 
Slc6a17 3.31 No Marks No Marks  Sema6c 1.62 
Egln3 3.28 No Marks H3K27ac  Hmgcll1 1.55 
Snhg4 3.28 No Marks No Marks  Nod1 1.54 
Rpp25 3.27 No Marks H3K27ac  Rxra 1.53 
Pbx3 3.18 No Marks H3K27ac + H3K27me3  Sh2d3c 1.52 
Scg2 3.10 No Marks Latent  5330426P16Rik 1.52 
Grip1 3.07 No Marks H3K27ac  Sdk2 1.52 
AI854703 3.04 Not Found Not Found  Cxcr7 1.50 










Gpc4 2.95 Repressive Repressive  B630019K06Rik 1.37 
Ttc39b 2.95 H3K27ac H3K27ac  AI504432 1.36 
AW555464 2.93 Not Found Not Found  Gm5424 1.34 
Icam5 2.89 No Marks No Marks  Odz4 1.34 
Tox2 2.89 No Marks H3K27ac  Hexim2 1.33 
Elavl2 2.89 H3K4me3 H3K27ac  Amy1 1.31 
Mical2 2.88 No Marks Latent  Robo2 1.31 
Gpr123 2.84 Not Found Not Found  Gad1 1.30 
Pcdhb3 2.82 No Marks No Marks  Ppm1h 1.30 
Vgf 2.82 No Marks No Marks  Zfp941 1.29 
Gng4 2.81 Not Found Not Found  Rasip1 1.27 
Igsf10 2.77 No Marks Latent  Kcnc1 1.27 
Dleu7 2.76 No Marks No Marks  Kcnip4 1.25 
Zic2 2.75 No Marks No Marks  Alk 1.24 
Cecr6 2.75 Not Found Not Found  Reln 1.24 
Itga3 2.74 Not Found Not Found  Scn3b 1.22 
Man2a1 2.72 H3K4me3 H3K27ac  Serpini1 1.20 
Cacna2d2 2.71 No Marks H3K27ac  Cacng5 1.17 
Pclo 2.71 H3K4me3 H3K27ac  Scml4 1.16 




No Marks  
Rims3 1.16 
Btbd11 2.61 Not Found Not Found  Mtap1b 1.15 
Rgmb 2.60 Not Found Not Found  Rbms1 1.14 
Prrt4 2.60 Repressive Repressive  Mum1l1 1.13 
Rassf5 2.60 No Marks Latent  Srcin1 1.12 
Frmd7 2.59 Not Found Not Found  Steap2 1.11 
Elmod1 2.58 No Marks No Marks  Tekt2 1.10 
Sh3rf3 2.55 Not Found Not Found  Jakmip1 1.09 
Dnajc6 2.50 No Marks Latent  2610002M06Rik 1.09 






Usp13 2.46 No Marks Latent  Celf4 1.06 
Gse1 2.45 Not Found Not Found  Arhgap24 1.06 
Cnr1 2.38 No Marks H3K27ac  Fam183b 1.05 




H3K27ac + H3K27me3  
Dpysl5 1.02 
Zbtb16 2.35 No Marks No Marks  2900056M20Rik 1.02 
Hdac9 2.35 No Marks H3K27ac  Kcna3 1.01 
Rbms1 2.29 No Marks Latent  Usp13 1.01 
Dach1 2.29 Not Found Not Found  Snord17 1.00 





Rims3 2.16 No Marks Latent    
Tmem151a 2.16 No Marks No Marks    
E230016M11Rik 2.15 Not Found Not Found    
Myt1l 2.13 No Marks H3K27ac    
Dync1i1 2.08 No Marks H3K27ac + H3K27me3    
Gpr176 2.07 No Marks Latent    
Kcnt1 1.99 No Marks H3K27ac    
Vstm2l 1.97 Not Found Not Found    
Sv2b 1.94 No Marks Repressive    
Ppfia4 1.92 No Marks Latent    
Clstn2 1.92 No Marks Repressive    
Celsr3 1.88 No Marks H3K27ac    
Vash2 1.87 No Marks H3K27ac    
Garnl3 1.84 Not Found Not Found    
6430598A04Rik 1.79 Not Found Not Found    
Bcl11a 1.70 H3K4me3 H3K27ac + H3K27me3    
Eepd1 1.64 No Marks H3K27ac + H3K27me3    
Mum1l1 1.57 No Marks No Marks    
Cpne7 1.56 No Marks Latent    
Ajap1 1.55 No Marks No Marks    
Snhg11 1.53 No Marks H3K27ac    
Dapk1 1.50 No Marks H3K27ac    
Arx 1.45 H3K4me3 No Marks    
Amy1 1.42 Not Found Not Found    
Htr5a 1.42 No Marks No Marks    
Ankrd34b 1.41 No Marks No Marks    
Ablim3 1.41 No Marks Repressive    
Npas4 1.39 No Marks No Marks    
Hspa12a 1.38 No Marks No Marks    
Foxo6 1.36 Not Found Not Found    
Mcf2 1.36 Not Found Not Found    
Calb1 1.35 No Marks Latent    
Palmd 1.34 No Marks No Marks    
Nr2f2 1.32 H3K4me3 Latent    
Sfrp2 1.31 No Marks No Marks    
Ngf 1.31 No Marks H3K27ac    
Npnt 1.29 Not Found Not Found    






Necab1 1.28 No Marks H3K27ac    
Xkr6 1.26 H3K4me3 Latent    
Efna3 1.26 Not Found Not Found    





Sphkap 1.25 No Marks H3K27ac + H3K27me3    
Dpysl5 1.25 No Marks H3K27ac    
Ccbe1 1.21 Not Found Not Found    
Shh 1.21 No Marks H3K27ac    






Robo2 1.20 No Marks H3K27ac    
Ccdc136 1.19 Not Found Not Found    
Iqsec3 1.19 No Marks Latent    
Stk32b 1.17 No Marks Repressive    
Synpr 1.15 No Marks H3K27ac + H3K27me3    
Ramp3 1.14 No Marks Latent    
Slc32a1 1.13 No Marks No Marks    
Asphd1 1.12 Not Found Not Found    
Cntn2 1.10 No Marks Latent    
Col19a1 1.09 Not Found Not Found    
Bhlhe22 1.09 No Marks Latent    
Kcnc2 1.09 No Marks No Marks    
Sox1 1.08 Not Found Not Found    
Fam65b 1.07 Not Found Not Found    
Rgs16 1.07 No Marks No Marks    
Cpne4 1.06 No Marks H3K27ac + H3K27me3    
Rpph1 1.06 Not Found Not Found    
Nrip3 1.05 No Marks Repressive    
Zdbf2 1.04 Not Found Not Found    
Jag2 1.04 Not Found Not Found    
Igsf9 1.04 No Marks No Marks    






Cntnap4 1.01 No Marks Repressive    
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